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ABSTRACT

This work presents experimental and computational studies of the Richtmyer-

Meshkov (RM) instability with Magnetohydrodynamic (MHD) effects. The experi-

mental work does not consider the instability or its growth, but rather developes an

atmospheric plasma jet for use in future magnetohydrodynamic experiments. The

operating conditions of the torch are explored to optimize the ionized length of

the plasma jet by varying the voltage-current characteristics and the gas flow rates.

Probe, spectral, and visual diagnostics are also developed in an effort to characterize

the plasma. The probe diagnostics were unsuccessful but discussions are included

to help improve the technique. The visual Mie-Scattering like technique is able to

capture qualitative images of the plasma flow field and are ready for use in future

hydrodynamic experiments where the qualitative growth is of interest.

Simulations utilized the hydrocode FLAG, developed at Los Alamos National

Laboratory, are performed on a 2D shock cylinder plasma-air interface where MHD

effects work to remove vorticity from the interface and suppress RM growth. To study

this magnetic field orientation, magnetic field strength, and incident Mach number are

all varied in this study. It was found that the orientation of the magnetic field relative

to the shock wave direction causes different morphology and can effect the amount of

observable RM suppression. Similarly, increasing the magnetic field strength reduces

the effects of the baroclinic vorticity, responsible for RM growth, by generating strong

MHD waves which carry the vorticity away from the interface quicker. Increasing the

Mach number can also cause varying qualitative effects, with greater Mach numbers

showing greater interfacial compression. But comparing the MHD RM to the RM

instability at a single Mach number still shows suppresion of the instability.

xvii



Finally a 3D cylindrical interface is simulated using the hydrocode ARES. These

simulations compare the cylindrical Richtmyer-Meshkov to two cases of the MHD-RM

instability; one with a parallel and one with a perpendicular magnetic field of 500

Guass. As per literature, the magnetic cases exhibit suppression through decreased

enstrophy, vorticity, and mixedness with respect to time in addition to the clear

morphological differences.
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Chapter 1

Introduction

This document details research performed towards the completion of a Doctoral de-

gree in Mechanical Engineering. The work presented here is divided into four chapters

which cover background, experimentation, and simulation efforts towards understand-

ing magnetohydrodynamic effects on shock driven instabilities, with experimental and

3D simulation studies of the Richtmyer-Meshkov (RM) Instability. Interest in the

RM instability stems from a decades old desire to understand and support fusion

experiments. The experiments and simulations assume a low energy university lab-

oratory setting. However, the physics considered have strong applications towards

the high energy density systems often found in astrophysics and national laboratory

experiments. These physics include the generation of plasma, diagnostics for plasma

characterization, shock driven hydrodynamics, multispecies/multiphase mixing, the

presence of a magnetic field, and magnetic tension. A literature review for these

topics encompassing previous theoretical, experimental, and simulation work is in-

cluded in this introduction chapter. In Chapter 2 the developement and diagnosis

of an atmospheric plasma torch is presented, and is closely based off of a publica-
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tion the author was closely involved in [2]. This sets up an interface to be used

in future magnetohydrodynamic experiments to be done by the next generation of

masters and doctoral students at the University of Missouri Fluid Mixing and Shock

Tube Laboratory (MU-FMSTL). Chapters 3 and 4 detail simulation work performed

using highly parallelized multiphysics hydrodynamics codes. First, Chapter 3 shows

2D simulations of an ideal magnetohydrodynamic shock-bubble problem has been

published in Physical Review Fluids [3]. Chapter 4 presents 3D simulations of the

Magnetohydrodynamic Richtmyer-Meshkov (MHD-RM) Instability. While this work

consideres similar physics as Chapter 3 different numerical methods were explored

and the calculations were taken into 3D in preparation to incorporate resistive effects

for future work.

1.1 Hydrodynamics

In the study of fluid dynamics there exists several flow regimes. The most commonly

studied are steady laminar flow which is relatively easy to analyse, and turbulent flow,

often associated with statistical analysis and chaos mathematics. However, there is a

rich space between the two regimes where the flow may transition from laminar into

turbulent flow. This transition can occur due to a hydrodynamic instability (HI).

Flow may be considered stable if it experiences a small perturbation but then returns

to its pre-disturbed state or assumes a new steady configuration. However, if the

perturbation grows in amplitude until it departs from its initial state and does not

recover, then the flow is said to have experienced a hydrodynamic instability [4].

A hydrodynamic instability occurs when a flow experiences a series of bifurcations

which carry it from its original stable state to one which shares no recognizable

features. The points of bifurcations often occur at critical Reynolds numbers which
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Figure 1.1: The pitchfork bifurcation illistrates how a flow can seem stable, then
suddenly at some critical value (Rc) bifurcation and go unsteady due to the existence
of different flow solutions

depend on the kind of flowing being analyzed. For example, consider the well-known

pitchfork bifurcation [4]. This can be modeled using Eq. 1.1. Here, a = k(R − Rc)

and is a function of k, R, and Rc or the wavenumber, the Reynolds number, and the

critical Reynolds number; U is the flow velocity. This equation has three solutions:

U = 0 and U = ±a/l if a/l > 0. Here one can see there is a ”pitchfork” bifurcation

R = Rc, U = 0, illustrating that at R = Rc the solution breaks symmetry. That is

for kl > 0 then there is a single unique solution (U = 0) for all R < Rc . However,

there are two solutions for R > Rc which continue to grow in amplitude, as shown in

Fig. 1.1.

aU − lU3 = 0 (1.1)
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Unstable flow experiences bifurcations driving it to a state where it is difficult to

predict its behavior with respect to time. While the previous example was simplified

to a single bifurcation of three potential solutions, hydrodynamic instabilities can un-

dergo copious bifurcations until they reach a truly turbulent state. Some of the most

commonly studied hydrodynamic instabilities include the Kelvin-Helmholtz (KH) in-

stability [5, 6], the Rayleigh-Taylor (RT) instability [7, 8], and the RM instability

[9, 10]. These are often studied together, as the RM may drive secondary RT and KH

instabilities. While this work focuses on magnetohydrodynamic effects on the RM

instability, some background on the KH and RT instabilities can be informative. The

KH instability occurs when a shear layer develops along some interface between fluid

layers. If surface tension effects are ignored, as is often done when studying gases,

then the instability will develop regardless of the velocity difference. This is true in a

two-fluid system or in a homogenous fluid, so long as there exists some perturbation

separating regions of different velocities. However, if surface tension is included then

small perturbations will be neglected and the two-fluid interface will be considered

as marginally stable. The KH can also be stabilized across density gradients in a

homogenous fluid or in a two-fluid system[4, 11].

Figure 1.2 A) shows an example of an atmospheric KH instability. Here a cloud-air

interface has provided some pertubration between a density/shear layer and the re-

sulting interface has experienced the KH instability forming wave-like structure which

appear almost single-modal. As the KH continues to grow along the perturbation it

begins to break down the single mode into a more multi-modal structure and thus

the system approachs turbulence. The arrow over the image indicates the direction

in which this transition is occuring.

The RT instability, Fig. 1.2 B) [1], is another instability which has a dependency

upon density gradients. The RT instability manifests within systems where an ac-
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Figure 1.2: A) A Kelvin-Helmholtz instability has formed between the clouds and the
surrounding air, driving the clouds to approach turbulence. Photo credit: Grahamuk
at the English Language Wikipedia B) This is a mid-time simulation of a Rayleigh-
Taylor instability which has not yet transitioned to turbulence [1]
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celeration drives a lighter fluid into a heavier fluid. If one thinks of the ocean when

trying to understand hydrodynamics they may initially picture the waters surface

interacting with the air. If there exist some current in the water, it’s not impossible

to image a KH instability developing at this interface; similar to the instability in Fig.

1.2 A). However, this schematic can not support RT instability. If we could somehow

freeze time for the water and air interface and place the water over the air such that

gravity pulled the water down through the air (or boyancy drove the air up through

the water) then a RT interface would develop along some small perturbation at the

interface.

In nature the RT instability is often seen in mushroom clouds, atmospheric sci-

ences, and in astrophysics. Figure 1.2 B) shows simulation results of a single mode

RT instability forming mushroom-like structures, commonly associated with the RT

and RM instabilities [9]. The arrows here indicate that gravity is acting downward,

against the density gradient and thus the system is RT unstable.

When studying HI it is of interest to predict how the system may evolve with

respect to time or initial perturbation. This can quickly go nonlinear as the system

approaches turbulence, but the linear regime can be studied via linear stability theory

and is helpful in understanding early HI growth. The linear growth rate of the RT

instability can be calculated by Eq. 1.2 [12]. Where S is the amplitude of the

perturbation between the interface, t is the physical time for the system, and n is the

growth factor. The growth factor, shown in Eq. 1.3, is dependent upon g, A, k, ψ, ν,

and D or the acceleration driving the system, the Atwood number, the wavelength

of the perturbation, a diffusion thinkness, the viscosity, and the diffusivity of the

fluids. Equation 1.4 give the Atwood number as a function of the densities across

the interface with the subscripts 1 and 2 representing the light and heavy fluids

respectively. Equation 1.5 gives the diffusivity as a function of the Schmidt number.
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These parameters are both heavily dependent upon the fluids, or the thermodynamic

state of the homegenous fluid, being considered. Equation 1.6 is based off experiments

and is thought to be heavily dependent upon the perturbation and the fluids involved,

however the form shown here is typically used in literature for a sinusoidal interface

[13, 12].

S = exp(nt) (1.2)

n = (
gAk

ψ
+ ν2k4)1/2 − (ν +D)k2 (1.3)

A = |ρ2 − ρ1
ρ2 + ρ1

| (1.4)

D =
ν

Sc
(1.5)

ψ = 1 + 0.374Dk (1.6)

Traditionally the growth factor, Eq. 1.3, may be considered without viscous con-

tributions. However, by considering these effects one may find a wavelength which

will grow rapidly and drive the system to turbulence faster than other wavelengths.

Likewise there will also exist some wavelength at which the perturbation amplitude

will not grow; nor will any greater wavelength beyond this value grow to turbulence.

This is similar to how surface tension or density gradients may work to dampen or

stablize a potential KH instability.

The Richtmyer-Meshkov instability is similar, and sometimes considered a special
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case of, the RT instability. Instead of a constant acceleration the RM instability

evolves from an impulsive acceleration. This changes g in Eq. 1.3 to an impulse

function, which changes from an initial value of 0, some non-zero value, and back to

0. In this way the stability of a light fluid over a heavy fluid is removed; allowing the

RM to evolve in systems that are RT stable. Since the RM can grow regardless of

which fluid is ’on top’, or is accelerated into the other fluid, the subscripts 1 and 2 in

Eq. 1.4 now refer to the first fluid and the second fluid to be accelerated.

While equations 1.2 and 1.3 can help to describe how the amplitude of the interface

evolves linearly it does not reveal the mechanism which acts to drive the systems RT

or RM unstable. These HI result from three main ingredients: a pressure gradient,

a density gradient, and some misalignment between them. The pressure gradient,

provided by an impulsive acceleration for the RM, propagates through the misaligned

density gradient and deposits vorticity. The dependence upon the interaction of these

ingredients can be seen in the baroclinic term in the vorticity conservation equation,

Eq. 1.7. The vorticity, ω, is a function of u, ν, ρ, and P , or the velocity, kinematic

viscosity, density, and pressure while t denotes time. This vorticity then acts to

stretch the area of the interface, or the density gradient, and rapidly increases the

mixing; driving a stable interface to eventually transition toward decaying turbulent

mixing.

∂−→ω
∂t

+ (−→u · ∇)−→ω = (−→ω · ∇)−→u −−→ω (∇ · −→u ) + [
1

ρ2
∇ρ×∇P ]baroclinic (1.7)

The amount of vorticity deposition is directly related to the strength of the pres-

sure and density gradients. The strength of the pressure gradient, often provided by

a shock wave, can be represented by the Mach number, M = u1/a, with a larger
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M depositing more vorticity. M is a function of the fluid velocity over the speed of

sound in that fluid, a. The density gradient is given by the Atwood number, Eq. 1.4,

shown above. Just as M and A represent the strength of the pressure and density

gradients, the misalignment of the two can be considered as the linearity of the in-

terface, η0/λ, or the amplitude of the interface over the wavelength. It was shown

by Richtmyer’s [9] linear model, Eq. 1.8, that the lower this ratio is the weaker the

instability that will form and vice-versa. In Eq. 1.8 n, k, g, and A represent the am-

plitude of the interface, the wavelength, the impulsive acceleration, and the Atwood

number respectively.

∂2n

∂t2
= kgnA (1.8)

The dependency of the these three ingredients is shown in Fig. 1.3. Here a sinu-

soidal interface seperates two fluids providing a density gradient. A planar pressure

gradient, here a shockwave represented by a line, moves towards the interface. Af-

ter the two interact a transmitted wave moves across the density gradient into the

second fluid depositing vorticity along the interface. This baroclinic vorticity works

to stretch and deform the interface transitioning the interface through the linear RM

regime, into nonlinear growth, and eventually into turbulence.

1.1.1 Experiments and Simulations of the Richtmyer-Meshkov

To better understand the RMI, experimentalists have studied various interface per-

turbations, species for the density gradient, and methods to create pressure gradients.

While the most common way to create the pressure gradient experimentally is in a

mechanical shock tube, which utilizes the release of high pressure into a lower pressure

region; both laser-driven shock waves [14] and gravity-driven sleds [15, 16] have been
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Figure 1.3: The evolution of a Richtmyer-Meshkov instability on a sinusoidal interface.
A) The interface seperates a density gradient and is a perturbation which is misaligned
with a pressure gradient. B) As the pressure gradient interacts with the interface
baroclinic vorticity is deposited along the interface. C) The baroclinic vorticity drives
the RM instability, transitioning the interface from linear growth and eventually into
turbulence, D)
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utilized. Experimentalists have also studied a wide range of interface configurations.

Gas-bubble interactions have been used to deposit a bubble of ρ2 into a shock tube

containing a gas at ρ1 [17]. Similarly, other groups have flown gas cylinders into a

shock tube to create the density gradient [18, 19, 20]. Spherical and cylindrical in-

terfaces both create a two-interface system as the shock wave must travel from one

density, into the sphere/cylinder, and back out into the original fluid, and thus share

similar theory. The work presented within chapters 3 and 4 will consider a cylin-

drical interface in a shock tube environment through simulations. More traditional

wave-like interfaces have been studied as well, where some groups have generated a

sinusoidal interface [21, 22, 23] or used the shear-flow KH instability [24]. A half

wavelength like inclined interface was also studied extensively experimentally and in

simulations [25, 26, 27, 28].

In addition to experiments many groups have explored the RM through simu-

lations. While much of this research focuses on the RM instability without MHD

effects, these methods and codes are often used to inform researchers on fusion ap-

plications and astrophysics [29, 30]. Many of these codes solve the hydrodynamics

through nominally second-order large-eddy simulations utilizing Eulerian [31, 32, 33]

and arbitrary Lagrangian-Eulerian schemes [27, 34] for a wide range of perturbations

and initial conditions. Other have used higher order methods [35, 36, 37].

In much of the research the RM instability is considered to occur between some

fluid layers. It’s common to assume the fluids as ideal gases to simplify the analysis.

As such the fluids and plasma discussed in this work are considered as ideal gases

using the equation of state shown in Eq. 1.9, where e is energy. Equations 1.10

through 1.19 are also used for the continuity, momentum, and energy of the fluids.

P = ρ(γ − 1)e (1.9)
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∂ρ

∂t
−∇(ρ−→u ) = 0 (1.10)

ρ(
∂

∂t
+−→u · ∇)−→u = −∇P +∇ · −→τ + ρ−→g (1.11)

∂e

∂t
+∇[(e+ P )−→u ] = 0 (1.12)

1.2 Magnetohydrodynamics

As high energy density (HED) research continues to grow, magnetohydrodynamics

(MHD) has become an important research field due to its presence in various ap-

plications. In astrophysics, where the physical medium is typically ionized and can

experience magnetic fields, the inclusion of MHD effects can provide physicists with

greater insight into cosmological evolution [38, 39]. Engineered HED systems, like

Inertial Confinement Fusion (ICF) studied at the National Ignition Facility (NIF),

typically experience an array of complex physical phenomena from shock driven ac-

celerations to solid-plasma phase change. The transition to a plasma state alone

encourages the consideration of MHD, but some systems may be further complicated

by externally applied magnetic fields. For example, experiments performed at the

Laboratory for Laser Energetics utilizing the Omega Laser on NIF capsules incorpo-

rated an external magnetic field [40], thus exhibiting MHD interactions between the

plasma and the magnetic field. A promising potential alternative to ICF is Magne-

tized Liner Inertial Fusion (MagLIF ), where a target undergoes magnetically driven

compression and then is laser heated to extreme temperatures while being magneti-

cally confined [41, 42]. Similar to the NIF and OMEGA experiments, MagLIF also
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experiences shock driven hydrodynamics, phase change to plasma, and an external

magnetic field; thus, understanding how magnetohydrodynamics affect these instabil-

ities can provide much needed insight into improving the experimental yield of these

processes [43, 44, 45].

In much of the research directed towards HED systems, however, a classic hydro-

dynamics approach is often taken. While this can provide important insight, once the

system transitions into a plasma state the necessary physics required to accurately un-

derstand the system also transition from hydrodynamics into the study of electrically

conducting fluids. Its important then to consider how nature may transition from

hydrodynamics into MHD. One method to produce a plasma, formed by ionizing a

gas, is to flow an electrical current through a normally insulating fluid. This current,

induced by an electric potential between two electrodes, forms a discharge. To induce

a discharge, a self-sustaining arc must first be generated between the electrodes. The

electric potential required for the arc depends on the distance between the electrodes,

d, the gas species, and the system pressure, P . This complex process is known as

electric breakdown [46]. The breakdown of a gas is governed by Paschen’s Law, Eq.

1.13. The voltage at which breakdown occurs, or VBD, is a function of A, γse, and B

or the saturation ionization in the gas at a particular electric field to pressure ratio,

the secondary-electron-emmision coefficient, and the excitation and ionization ener-

gies. These values are often tabulated. Using Eq. 1.13 the breakdown voltage as a

function of pressure and electrode gap can be plotted for multiple gas species. These

are shown in Fig. 1.4 and are known as Paschen curves.

VBD =
B(Pd)

ln(A(Pd))− ln(1 + 1/(γse))
(1.13)

From this figure it can be seen that if the gap distance is held cosntant then as
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Figure 1.4: paschen curves for various gases; as the pressure and/or gap distance is
increased so to is the voltage required for breakdown for each gas species

pressure increases so does the required breakdown voltage. Similarly if pressure is

constant, then increasing gap distance increases the necessary breakdown voltage.

Once the required breakdown voltage is achieved a spark forms. To generate a self-

sustaining plasma the spark must transition into an arc. This transition is achieved

nearly instantaneously at atmospheric pressure when a large current is induced be-

tween the electrodes, resulting in a self-sustaining arc discharge that ionizes the fluid

and forms a plasma. The voltage-current (VI) characteristics pertaining to the re-

gions of electric breakdown, spark formation, and arc establishment are shown in Fig.

1.5. For atmospheric-pressure plasmas, the electric potential between the anode and

cathode increases to the threshold value of the breakdown voltage, from the left to

the peak of the curve in Fig. 1.5. Once transition to an arc occurs, the required

voltage decreases rapidly as the current increases rapidly [46].

Considering the additional physics in electrically conducting fluids, or plasma,

is even more important in the presence of an external magnetic field, where MHD
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Figure 1.5: V-I characteristics for pre and post arc conditions. The arc occurs at the
peak potential.

effects can cause significant departure from classic hydrodynamics [11]. To better il-

lustrate the differences between the RM instability and the MHD-RM instability, Fig.

1.6 shows a simple schematic of their evolutions through time. Figure 1.6 A) shows

the traditional RM instability with a cylindrical interface. Here a pressure gradient,

shown as a shock wave, travels through a shock tube domain and eventually tran-

sits the interface. This interface provides the density gradient and is either another

species with a different density or the same species at a different thermodynamic

state. Typically, the shock wave deposits vorticity on the interface, then travels past

the interface and down the domain while the interface moves at the post shock ve-

locity and eventually transitions to turbulent mixing due to the vorticity deposition.

However, this is not always the case in MHD.

The MHD-RM instability can show significant suppression of mixing [47, 48, 49].

This suppression can be attributed to waves, which exist in MHD but not in classic

hydrodynamics, that work to remove vorticity from the interface. These waves are
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known to be both hydromagnetic and magnetosonic waves [50]; the effects of which

can be seen in Fig. 1.6 B). In this figure waves form at the interface due to the presence

of the magnetic field. As vorticity is deposited along the interface, a velocity gradient

appears with components both perpendicular and parallel to the interface. These

disturbances, or velocity components, are then propagated away from the interface

due to the magnetic field as either Alfven waves, for the velocity along the magnetic

field, or magnetosonic waves, for the velocity perpendicular to the magnetic field [51].

It is from the interaction of the motion of charge, either parallel or perpendicu-

lar to the magnetic field, that gives rise to the MHD waves. In fact, the MHD wave

dispersion equations can be easily derived for either orientation [51]. While the deriva-

tion is not shown here, the dispersion relations are used to find the velocity at which

the MHD waves propagate. A MHD wave will propagate perpendicular to a magnetic

field at the Alfven velocity, given as vA = B/
√
µ0ρ. This wave is known as the hydro-

magnetic wave and is a function of the magnetic field strength. Similarly, the MHD

wave which propagates along a magnetic field line is called the magnetosonic wave,

which can be calculated as Eq. 1.16. The velocity of this wave is in terms of the phase

velocity, Ω/k. This wave is sometimes called a fast hydromagnetic wave as it can be

written as a function of the Alfven velocity, vA. The magnetosonic velocity is also a

function of the speed of light and the acoustic velocity or c, and vs. It’s important

to note that the magnetosonic velocity will tend towards the acoustic velocity as B

goes to 0. It is the hydromagnetic waves which suppress the RM instability in MHD

by removing the vorticity from the interface. This is because the vortical motion acts

to disturb the magnetic field and the magnetic tension force which arises, Eq. 1.14,

acts to restore the field at the Alfven velocity.
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−→
J ×

−→
B =

(
−→
B · ∇)

−→
B

µ0

−∇ B2

2µ0

(1.14)

∇ ·
−→
B = 0 (1.15)

Ω

k
=

√
c2
v2s + v2A
c2 + v2A

(1.16)

Thus, in the presence of a sufficiently strong magnetic field the RM instability

in MHD is suppressed as the mechanism of growth is no longer able to act on the

interface. Figure 1.6B) shows a magnetic field orientation perpendicular to the shock

transit. For any field orientation both magnetosonic and Alfven waves will occur,

acting to stretch and remove the vorticity from the interface, though the degree of

and mechanisms for damping the RM instability change with orientation of the field

to the shock direction.

Similarly, one can find the dispersion relation for these waves when considering the

ideal MHD equations. The transition from classic hydrodynamics to MHD demands

additions to the equations used to solve these systems. These ideal MHD equations are

shown as Eqs. 1.17 through 1.20 including Eqs. 1.14 and 1.15 and are the continuity,

momentum, energy, amperes law, and Gauss’s law of magnetism respectively. While

the continuity equation, Eq. 1.10, remains unchanged; the other equations are either

modified or complete additions to the system of equations.

The momentum equation, Eq. 1.18, has the addition of the electromagnetic forces

which are represented by the cross product of the current density, shown as J , and the

magnetic field, B, over the speed of light, c. This term is the Lorentz force without

an externally applied electric field. Amperes law expands the Lorentz force in as Eq.
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Figure 1.6: 2D schematic of the cylindrical Richtmyer-Meshkov Instability driven by
a shock wave in A) traditional hydrodynamics and B) with magnetohydrodynamic
effects.

1.20 to give Eq. 1.14. This form of the Lorentz force has a right-hand side whose first

term gives the magnetic tension force, that acts to straighten any disturbed magnetic

field lines giving rise to the MHD waves, and the magnetic pressure. Equation 1.19

contains e, which is the total energy per unit volume.

∂ρ

∂t
−∇(ρ−→u ) = 0 (1.17)

ρ(
∂

∂t
+−→u · ∇)−→u =

1

c

−→
J ×

−→
B −∇P (1.18)

∂e

∂t
+∇[(e+ P +

B2

2
)−→u −

−→
B−→u
−→
B ] = 0 (1.19)
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−→
J =

c

4π
∇×

−→
B (1.20)

In consideration of the research done in literature previously, and with future

hydrodynamic experiments in mind, Chapter 2 will present the creation of an atmo-

spheric plasma torch for use as an interface for the RM instability in MHD. Chapter

3 will explore a cylindrical interface of perfectly conducting gases in the presence of

a magnetic field through simulations. The simulations presented are 2D in cartesian

coordinates and consider a 2D (R-Θ) slice of a cylinder interface with a planar shock

wave. In Chapter 3, instead of referring to the interface as a shocked-bubble the

nomenclature of cylindrical will be adopted with consideration for previous RMI lit-

erature on both experiments and simulations. Chapter 4 will expand upon this work

to 3D to study the RM instability with MHD effects. The nature of the cylinder is

such that it provides a double interface [18, 19, 20] and does not have a preferential

direction with respect to the shock wave or the magnetic field; thus the cylindrical

interface was chosen for its unique geometry. However, the growth of the cylindrical

interface exhibits a dependence on the orientation of the magnetic field relative to

the shock wave. In Fig. 1.7, the shock wave is shown traveling in the Y direction.

This means the site of maximum vorticity deposition is |α| = π/2. However, if the

shock wave direction was changed such that it was traveling in the X direction the

maximum vorticity would occur on |α| = 0, or orthogonal to the shock wave direc-

tion. Assuming the interface is allowed to evolve uninterrupted by boundaries and

magnetic fields the evolution of the cylindrical RM instability would be the same

between these two cases.

However, in the presence of a magnetic field the evolution becomes suppressed

and MHD waves work to carry the vorticity away in the direction of the magnetic
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field. If both the shock wave and magnetic fields are aligned, the Alfven waves work

to transport the vorticity away in the direction of the flow (shock transit direction).

This is shown in Fig. 1.7 A), with the vorticity being stretched in Y , the direction

of the shock wave motion. Similarly, Fig. 1.7 B) presents a scenario where the

shock wave is traveling in Y and the magnetic field is in X, or perpendicular to the

shock wave direction. Here the vorticity is carried perpendicularly away from and

through the interface. Thus for other perturbations, such as the classically studied

sine wave, one may be interested in transverse or normal field orientation relative to

the interface; for the cylindrical interface it does not make sense to discuss normal

and transverse directions to the interface but rather the orientation of the shock

wave (pressure field) to the magnetic field. In this way the cylindrical interface is

unique as it is independent of the direction of the shock wave and is only sensitive

to the orientation of the fields relative to each other. While work has been done

on a converging cylindrical and spherical interface, both the density and pressure

gradients shared the radial geometry [52, 53]. In addition to the interesting properties

of the cylindrical interface with respect to the hydrodynamic and MHD effects, the

cylindrical interface is also relatively simple to make for a plasma, as will be shown

in Chapter 2.

1.2.1 Literature Review for Plasma and Magnetohydrody-
namics

Magnetohydrodynamic instabilities involve the coupling of hydrodynamic instabilities

with magnetic field effects in a conducting fluid. While experiments have been done

which may include the MHD instabilities, these experiments were done in large-scale

facilities (e.g. MagLIF [41, 42] and OMEGA [40] experiments) and were not neces-
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Figure 1.7: A 2D schematic representing the effects of the magnetic field orientation
relative to the shock wave direction on vorticity. A) The magnetic field is parallel
to the shock wave direction cause vortex translation parallel to the shock wave. B)
The magnetic field is now perpendicular to the shock wave causing vortex translation
transverse to the shock wave. In both magnetic field orientations, the site of maximum
baroclinic vorticity deposition is |α| = pi/2.

sarily done to study the interaction of instabilities with MHD. However, considering

the similarities between hydrodynamics and MHD, one should consider the types of

experiments which could provide interfaces that could be considered in MHD. One

approach to study these effects in a lower energy environment so is to impulsively

accelerate (shock) an atmospheric-pressure plasma cylindrical interface (i.e. a plasma

torch) using a shock tube facility with an applied strong external magnetic field. Thus

this section will provide background on the atmospheric plasma sources which could

be utilized in such experiments as well as simulations which have considered MHD

effects on similar systems.

Since the mid-1950’s, plasma torches have been studied for a wide variety of appli-

cations, including material processing for surface modification, biomedical treatment

for wound healing and sterilization, metallurgy, metal cutting, waste management,

laser and space technology, and scientific research of plasma chemistry and physics

[46]. As such there exists extensive research on plasma torch devices, their design,
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and operation. Many of their applications require atmospheric operation, in which it

is more difficult to ionize gases due to the substantial increase in required breakdown

voltage. Previous studies have focused on the development and characterization of

laminar atmospheric-pressure plasma torches (APPTs) and focused on optimizing

voltage-current relationships, gas flow rates, and torch design parameters [54]. Un-

derstanding the effects of these parameters is imperative when developing APPT.

Comparison of plasma characteristics may be evaluated using similarity theory, in

which one experimental property is used to determine the effect of others without

physical experimentation [55, 56]. Plasma jet velocity measurements have been made

using particle imaging methods by injecting particles into the plasma in order to

understand plasma flow conditions [57, 58].

In addition to understanding the flow conditions, it’s important to characterize

the plasmas inherent electric properties. The optimal method often depends on the

plasma application. For instance many low pressure plasmas utilize the Langmuir

probe technique. In this technique a wire is held at some biased potential, represented

by VB, and is either inserted into the plasma [59, 51] or swept through the plasma

[60]. The potential difference between the plasma and the probe generates a current,

ip which is then recorded via a connected data acquisition system (DAQ), a simple

schematic is shown in Fig. 1.8. This process is repeated as the probe potential is

changed between some negative range to some positive range; often limited by the

DC power supply used to bias the wire. As the potential is more negative, more

ions will be drawn to the probe and vise versa. The VB range for the potential is

application based, but can be determined by the ion and electron saturation currents,

or Iis and Ies respectively. These are found by adjusting the potential on the probe

more negative/positive until the current drawn due to the potential difference stops

increasing/decreasing. Once this range is found a figure like the one shown in Fig.
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Figure 1.8: Single Langmuir probe schematic: A metal wire probe is insulated in
capillary glass, biased to some known DC voltage, VB, and then inserted into the
plasma. The potential difference between the plasma and the probe drives current
into the probe, ip, which is read by the DAQ. Resistors are used to help control the
voltage at the measurement points as needed. This process is repeated to acquire
data on the electric properties of the plasma

1.9 can be generated and the floating potential, Vf , and the electron temperature,

Te, can be found. The floating potential, or the potential of the probe which draws 0

current, and the plasma potential Vp, the potential of the plasma itself, may seem as

though they should be equal; however when the probe is inserted into the plasma at

some potential a sheath forms which serves to change the local spacial electric field.

The charge within this sheath then must be overcome to find the plasma potential,

shown to occur near an inflection point in Fig. 1.9. For static or contained plasmas

a stationary probe may be used. However, for flowing plasmas or plasmas whose

electric characteristics may vary spatially sweeping probes may be beneficial [60].

Using the parameters gathered by the Langmui probe one may also calculate the

electron temperature. From the electron temperature, and the assumption that the

electron and ion temperatures are similar, one can calculate the bulk temperature of

the plasma. This is advantageous for simulations for assigning the thermodynamic

state of the plasma. To calculate the electron temperature from the Langmuir data
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Figure 1.9: Idealized Langmuir probe data. Here one can see how the various prop-
erties can be extracted directly from the probe.

first one must subtract the ion saturation current everywhere. After this, take the

natural log of the probe current and find the slope of the most linear region (neglecting

the region past the plasma potential inflection). This slope is an estimate of the

electron temperature [61]. Using this value in the boltzmann equation, Eq. 1.21

can help determine the number of charged species in the plasma, which in turn can

be used in the Saha equation [51], Eq. 1.22 to determine bulk plasma temperature.

The Boltzman relation gives the number density of the charged species, given as n

where the subscript j is meant to represent either ions or electrons, as a function

the total number density, the charge of the species, the potential of the species, the

boltzmann constant, and the temperature of the charged species, or n0, qj, θ, K, and

Tj respectively. The Saha equation then uses the number densities and the ionization

energy of the gas, U , to solve for the bulk temperature of the gas, T .

nj = n0exp(
−qjθ
KTj

) (1.21)
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n0

= 2.4× 1021T
3/2

ne

exp(
−U
KT

) (1.22)

Despite the effectiveness of the langmuir probe at low pressures there are chal-

lenges with high pressure plasmas. First off, the langmuir probe uses a number of

assumptions which fall apart at high pressures [60, 62, 63]. For instance, the lang-

muir probe assumes that the mean free path of the plasma is much greater than

the probe radius [59]. While this may hold in low pressure systems, as the particle

number density increases the mean free paths shrink significantly while the probe

radius remains on the order of millimeters. Another assumption is that the degree of

ionization is low, or that the plasma is quasi-nuetral. However, depending on how the

plasma is generated it may have very high ioniziation near the electrodes. Despite

the challenges, some groups have used langmuir probes for high pressure applications

[60, 62, 63]. Langmuir probles can be single probe configurations, like Fig. 1.8 or can

be expanded to have double [64, 65, 66] or triple [67] probes. The additional probes

work to eliminate noise from the plasma sheath by causing a smaller current drain

and have been used successfully at high pressures.

While electrostatic probes may seem an easy solution, the act of inserting the

probe may distrupt both electrical and flow characterstics of the plasma. As such,

many noninvasive techniques have been developed to overcome the disadvantages

of intrusive probes. These methods include quantitative shadowgraphy, Schlieren

imaging, spectroscopic methods, and the atomic Boltzmann method, each of which

have been used to calculate various plasma characteristics such as plasma temperature

[68, 69, 70, 71, 72]. Quantitative shadowgraphy and Schlieren imaging have been

used to determine the rotational temperatures of gas and visualize the hydrodynamic

characteristics of plasma jets [69], [70].
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Laser scattering methods (LSMs) are another type of nonintrusive optical diag-

nostic. LSMs have been used on atmospheric-pressure plasmas to investigate the

gas temperature using Rayleigh scattering, electron temperature and electron density

via Thomson scattering (TS), and molecular densities and rotational temperature

by Raman scattering [68]. TS is used also to spatially and temporally resolve the

electron density and energy distribution when the gas temperature is a few orders

of magnitude less than the electron temperature [73]. Since atmospheric plasmas do

not always operate within the laminar regime, plasma turbulence imaging has been

performed using TS as well [74].

Significant contributions have been made towards understanding atmospheric-

pressure plasma through optical emission spectroscopic methods have been made in

the last three decades [75, 76, 77]. These studies measured the temperature and com-

position of single-element or multi-element thermal plasmas by implementation and

modification of the Fowler-Milne spectroscopic method using the Abel inversion tech-

nique. Although traditionally applied to free-burning arcs, this method proves to be

an excellent diagnostic for non-transferred APPTs after some modifications [78, 79].

The spectroscopic determination of radial temperature distribution profiles is one of

the most prevalent methods implemented for measuring atmospheric plasmas. Emis-

sion spectroscopy is based observing the intensity of emitted light for some spectral

distribution of the plasma and is used to recover radial temperature distributions.

The Fowler-Milne spectroscopic technique, and its modifications, can be used to

determine both the composition and temperature of multi-element thermal plasmas

[75, 76, 77, 80, 81, 82]. Other methods utilizing a monochromator have been per-

formed utilizing emission spectroscopy [83]. These methods, however, can lack the

ability to acquire space-time data instantaneously, simultaneously, or to a high degree

of accuracy; radial profile temperature distributions traditionally require obtaining
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individual data points as a spectrometer or monochromator is incrementally swept

across a plasma. The disadvantage here is low spatial and temporal resolution.

While no MHD-RM instability experiments have been done to date, there have

been groups who have begun to study this instability through simulations and the-

ory. Samtaney [47] studied an inclined MHD-RM instability, with a magnetic field

parallel to the shock wave direction and compared it to an inclined RM instability

without a magnetic field. In this work, it was shown that the magnetic field suppresses

RM instability growth and mixing. Wheatley et al. [48, 49, 50] and Mostert et al.

[52, 53] continued this work and studied a sinusoidal interface in planar and converg-

ing cylindrical/spherical geometries. Across several articles these authors performed

a full parametric study to include the effects of magnetic field orientation, increasing

M , the ratio of η to λ, Atwood number, and non-dimensional magnetic strength.

The non-dimensional magnetic strength, shown in Eq. 1.23, represents the ratio of

thermodynamic pressure to magnetic pressure and is a function of the magnetic per-

meability, µ0, and the magnetic field strength, B. They found that, while the Mach

number and Atwood number effects were similar to those in classic hydrodynamics,

by varying the orientation of the magnetic field to be normal or transverse to the in-

terface the RMI in MHD would exhibit different qualitative evolution and suppressed

growth rates; and that increasing the magnetic field strength further dampened the

instability.

β =
2Pµ0

B2
(1.23)
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Chapter 2

The developement and
characterization of an atmospheric
non-transferred plasma source for
magnetohydrodynamic
experiments

The development and diagnosis of an atmospheric pressure, non-transferred, DC arc

plasma torch for investigating magnetohydrodynamic experiments is presented within

this chapter. Utilizing a custom 50 kV AC starter circuit coupled with a high power

DC power supply a long laminar plasma jet was successfully generated by adjusting

voltage and current, gas flow rates, and the torch nozzle diameter and length. To

allow for continuous torch operation copper, aluminum, and tungsten alloy electrode

components are utilized in conjunction with an electrically isolated water cooling sys-

tem. The 50 kV AC starter circuit is coupled with a 15 kW DC power supply. Axial

and tangential gas flow, with nitrogen as the working gas, is regulated to generate

a stable laminar atmospheric plasma torch with a jet length of over 80 cm under
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ideal operating conditions. To visualize the plasma interface in MHD experiments a

technique was developed to image the cylindrical plasma jet in both the R-Z plane

(axial) and R-θ plane (cross sectional) using planar-laser Mie scattering from par-

ticles added to the surrounding gas. Plasma emission wavelengths are filtered out

allowing scattered light from the particle laden-flow field illuminated at 532 nm by an

Nd:YAG laser to be isolated. Plasma electron temperature and degree of ionization

are estimated using a technique based on the Fowler-Milne spectroscopic method.

Electron temperatures of up to 14,000 K and degree of ionization up to 27% at the

torch exit were obtained. The classic Langmuir Probe technique was also considered

and ultimately decided to have been unsuccessful, though the experiment is detailed

here with suggestions and observations on how to improve the diagnostic tool.

2.1 Developement of an Atmospheric Plasma Torch

for Investigating Magnetohydrodynamic Insta-

bilities

Different methods have been implemented to produce atmospheric plasma, such as

RF induction coils, transferred arcs (e.g., free-burning arcs), non-transferred arcs

(e.g., APPT), and plasma arc heaters. However, each of these methods must undergo

electric breakdown to generate a plasma l[46]. Because the plasma torch developed for

this work was designed to be implemented inside a shock tube, the plasma containing

region must be sustained in an unobstructed atmospheric environment and is desired

to possess a minimum length of 14.5 cm, the height of the internal cross section of

the Missouri Shock Tube [84]. Since non-transferred arc plasma torches provide the

largest free plasma jet length this method was selected for our device.

In addition to the jet length, the operating conditions of the device are incredibly
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important for the planned hydrodynamic experiments. For example, many different

gases and mixtures of gases have been utilized in the study of atmospheric pressure

plasmas. In particular argon, air, helium, and oxygen are commonly used. For our

purposes, nitrogen is ideal due to its ionized physical properties. Its limited and

ideally located emission lines enable convenient diagnostics (discussed later in more

detail in section 2.2.2). For nitrogen, a breakdown potential upwards of 10 kV is

required at atmospheric pressure with an electrode spacing of 2 mm. This electrode

spacing is radially, allowing for a jet diameter of 4 mm at the exit of the torch. This

diameter was deemed acceptable for use in future shock tube experiments.

The V-I characteristics of the torch must also be considered in its design. Many

studies have been performed on atmospheric pressure plasma torches specific to the

voltage-current characteristic of the arc. Pan et al. examined the V-I characteristics

of a laminar argon DC APPT utilizing arc voltages of 33-50 V, and arc currents of

75-220 A [85]. Planche et al. implemented arc currents from 200-600 A with arc

voltages of 50-80 V to investigate plasma jet velocities [57]. Das et al. measured V-I

characteristics of DC arc plasma utilizing arc voltages of 20-50 V and arc currents of

150-400 A [86]. It is known that as arc current increases, the arc voltage and plasma

jet length also increase. Thus, an arc voltage of up to 100 V, an arc current of up

to 200 A was chosen to develop a laminar plasma jet with sufficient length to be

implemented within the FMSTL shock tube for future investigation of the MHD RM

instability.

Of equal importance to the V-I characteristics, the gas flow rates also govern the

length and stability of the plasma jet. Both axial and tangential gas flows are used

in the torch to achieve laminar flow operating conditions. The tangential gas flow

rotates the arc attachment around the nozzle to ensure even erosion of the anode.

Previous works used gas axial flow rates in the range of 5-27 SLM for generating a
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long laminar atmospheric pressure plasma jet [85, 87]. Digital mass flow regulators

were used in this work to vary the ratio of axial and tangential gas flow as well as the

total gas flow rate supplied to the torch.

2.1.1 Atmospheric-Pressure Plasma Torch Design

Although much research has been published on APPTs, the process of coupling a high

voltage starter circuit necessary to meet the breakdown voltage and initiate a spark

with a high current DC power source, needed to sustain the arc, is seldom discussed.

This chapter will similarly neglect this. This was done for two reasons. One, this was

not the focus of the work done by this author for the completion of their doctoral

degree but rather by their colleague, and two the publication this chapter is based

on has a detailed section covering these details. Instead this chapter will focus on

work contributed by the author and that is pertinent to MHD RM instabilities. That

said, the creation of the APPT necessitated the developement of an AC starter circuit

which could be paired with a DC power supply. The AC circuit served to provide the

high voltage required to break down the working gas. After a discharge was formed,

the DC power supply was activated and the AC supply shut off. This allowed the DC

supply to sustain the discharge at a much lower voltage and mitigated any fluctations

that would be introduced by the AC signal.

To ensure the DC power supply would deliver 200 A to the torch during operation,

water cooled power resistors (WCPRs) were implemented in series with the torch

electrodes. The WCPRs were selected and wired in parallel such that they were

capable of handling a 200 A current with an equivalent total resistance of 0.23 Ω.

The WCPRs stabilized the V-I requirements of the torch during the spark-to-arc

transition where there is a sharp, instantaneous, decrease in voltage that is beyond
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the slew rate (measurement rate) of the power supply. Without this components, the

decrease in voltage would result in a low DC potential and failure of the spark-to-arc

transition. For more information, please see [2].

When designing the plasma torch careful consideration was given to safety, re-

peatability, and efficiency. The major components of the torch are split into two

sections, the anode (top) section and the cathode (bottom) section. The two sections

were designed to be electrically isolated using alumina insulating disks. This ensured

that electric breakdown occurred between the anode and cathode in the arc chamber

section rather than spuriously occurring between assembly components. As a point

of safety, the entirety of the cathode section is housed inside the anode section, which

is operated at the ground potential, such that during operation, only the ground

potential was physically accessible. Figure 2.1(A) shows a cross section of the torch

design.

Material properties are important to arc generation and specific materials are

desired for the anode and cathode components. The use of materials with low boiling

points and thus higher current densities will aid in the transmission of electrons

through the arc as the anode and cathode sections are heated. Additionally, materials

with higher electrical resistivity result in faster material erosion rates . This can be

counteracted by high gas flow rates which decrease cathode erosion. A thoriated

tungsten rod was used for our cathode and our anode comprised of Copper 182 alloy.

The remaining components of the torch body (not in contact with the arc) were

fabricated from 6061-T6 aluminum.

Modular sections were used in the torch to allow for efficient design modifications

and repair. To optimize the plasma jet length the modular design was leveraged to

test different nozzle diameters, ranging from 4-10 mm, and lengths, from 15-80 mm.

Additionally, the copper alloy sections were designed as press fit inserts to the top
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Figure 2.1: (A) APPT cut-out diagram 1) anode, 2) nozzle, 3) anode water cooling
inlet, 4) anode water cooling outlet, 5) High current DC in (+), 6) axial gas (blue)
inlet, 7) tangential gas (red) inlet, 8) alumina washers, 9) cathode water cooling inlet,
10) cathode water cooling outlet, 11) High current DC out (-), 12) thoriated tungsten
cathode. (B) Top view of axial and tangential gas flow component. (C) Isometric
cutout representation of axial (blue) and tangential (red) gas flow paths.
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and bottom sections of the anode. Thus, the anode could be replaced without having

to replace the entirety of the anode section ensuring repeatable operation as erosion

occurred.

Given the large amount of heat transfer that occurs from the plasma to the anode

and cathode components, it is impossible to operate the torch for long periods of

time, given material limitations (i.e., melting temperature), without an active cooling

system. This active cooling is achieved in our torch by water cooling loops within

both sections. Since the anode section is driven to a ground potential a once-through

cooling circuit is used where tap water is filtered, flowed through the section and

dumped to a drain. The cathode section, at some positive DC voltage, requires a

more sophisticated cooling approach. An electrically isolated, closed-loop deionized

water cooling system, due to its lower than tap water electrical conductivity, is used

to ensure that the electrical potential of the cathode is not transmitted through the

water cooling loop, (i.e., outside the cathode section). The selection of nitrogen as

the working gas also provides additional cooling capacity, as diatomic nitrogen has

a higher specific heat than many other commonly used gases (e.g., argon). Previous

works utilized water cooling flow rates of 10-20 SLM while observing plasma torch

electrical characteristics [55, 86]. Valincius et al. investigated thermal characteristics

of a plasma torch finding that the temperature rise of the cathode was much smaller

than that of the anode [88].

A final torch design was selected with a nozzle length of 15 mm and diameter of

4 mm. Various gas (tangential and axial) flow rates and arc currents were tested to

achieve the maximum plasma jet length. Axial gas is injected into the anode section

and flows upwards around the cathode section through flow ports which are parallel

to the nozzle central axis. Tangential gas flow is also injected in the anode section

through axially offset flow ports, perpendicular to the nozzle central axis, where it
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mixes with the axial gas from below. The axial gas provides the majority of the

working gas to be ionize and its flow rate is the main contributor in determining the

stability of the plasma. The tangential gas subsequently aids in even distribution

of anode erosion and ablation effects from the arc attachment within the nozzle.

This can be visualized in Fig. 2.1 (B) and (C). A regiment of diagnostic techniques,

discussed later, were used to quantify the effect on the plasma jet length and ionized

region length. Additional measurements were performed to estimate the degree of

ionization and plasma temperature at the optimized flow conditions.

2.2 Characterization of an Atmospheric Plasma Torch

for Investigating Magnetohydrodynamic Insta-

bilities

In addition to creating the plasma source, diagnostics were also explored. This di-

agnostics were created so that the electric and flow properties of the plasma could

be measured and qualified. The electric properties are useful in helping future ex-

perimentalists to understand how the plasma might be effected by external magnetic

fields during instability experiments. The flow properties similarly are important in

understanding the initial conditions to the hydrodynamic experiments. Two methods

used are used to analyse the electric properties of the plasma: the invasive Langmuir

probe technique and the spectroscopic based Fowler-Milne technique which is modifed

via the Abel inversion technique. This will be discussed more in section 2.2.1. The

spectroscopic method is also briefly discussed. More details can be found in [2]. Two

qualitative measurements were also used to try to understand the plasma jet shape as

an interface for hydrodynamic experiments. The plasma emissions were first imaged

without a filter in order to capture the height and radius of the visible emissions.

35



However, it becomes difficult to get exact measurements due to light saturation and

so filtering must occur for exact plasma diameters (in R − θ) and thickness/heights

(in R − Z). The particle scattering-Mie method was combined with an optical filter

used to filter out emissions to capture qualitative images of the plasma interface. This

is useful for hydrodynamic experiments and for determining how the interface might

evolve post-shock in experiments or for prescribing the interface in simulation space.

2.2.1 The Langmuir Probe

Enthalpy probes are among the earliest diagnostics used in plasma experiments. His-

torically, a probe was placed within a plasma volume and the current induced between

the plasma at some voltage, Vf , and the grounded probe would be recorded. It was

thought that this was the plasmas potential, but as the technique developed it was

later discovered that this was the floating potential [51]. Langmuir then developed

the technique further by biasing the probe to some known voltage, VB, allowing

experimentalists to gather data and calculate electron temperatures, number densi-

ties, and the plasma V-I characteristics. While much of this work was done for low

pressure plasmas, some groups have modified the langmuir probe for high pressure

applications.

To explore the plasma V-I characteristics a langmuir probe circuit was developed,

Fig. 2.2. This circuit utilized several resistors to step down the voltage as it was

read by a DAQ (LabJack U6 DAQ). A DC Power supply (CSII12001X from Circuit

Specialists), used to bias the probe had an output of ± 120 V with a max current

output of 1 A. Tungsten wire with 0.256 mm diameter was used for the probe and

sheathed in capillary glass. Approximately 1 mm of tungsten was exposed to act as the

probe surface while the capillary glass was used both to shield the remaining tungesten
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Figure 2.2: Langmuir circuit diagram. Here the tungsten probe with boroscilicate
capillaruy glass is placed inside the plasma. The probe, set at some biased potential
from the DC power supply, induces a current from the potential difference. This
induced current is read by the LabJack U6 DAQ at the potential difference across
R5. The voltage dividers comprised of R3, R4 and R1, R2 are used to step down the
voltage for acceptable levels for the DAQ

Table 2.1: Langmuir Circuit Operating Parameters
DC Voltage: ±120 V
R1 ≈ R3: ∼ 1000Ω
R2 ≈ R4: ∼ 81Ω
R5: ∼ 5Ω
Rw: ∼ 4Ω

wire from developing local charge sheiths which could disrupt the measurement and

to help thermally protect the wire due to its low thermal conductivity. Tungsten was

selected for it high melting point, ∼ 3700K. Table 2.1 shows the set resistor values

as well as the wire resistance, Rw, and the power supply range. The capillary glass

is commonly used in literature for the shielding purposes. The glass tube used in

these experiments is borosilicate with an outer diameter of 2.034 mm and an inner

diameter of 0.28− 0.286 mm. The melting temperature of borosilicate is ∼ 1100K.

The langmuir probe experiments were run with a sweeping configuration. This
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allowed the probe to move through the plasma in order to collect charge data in the

X-Y plane (corresponding to R− θ). To accomplish this the probe was attached to a

series of stepper motors which allowed computer controlled motion in X,Y, and Z. The

Z motor would be fixed per run to allow for consistent measurements at some fixed

torch height. The probe would sweep through the plasma with a velocity of 50 mm/s

to partially prevent the tungest from being consumed as well as to acquire data across

the diameter of the torch. This velocity was found to be sufficient to prevent notable

tungsten consumption, and any slower velocity resulted in complete obliteration of

the thin tungesten wire. The data was acquired at a 12.5 kHz frequency, allowing

approximately 1000 measurements across the 4 mm jet diameter. The results from

these experiments are shown in section 2.3.2.

2.2.2 Spectral Methods

To our knowledge, none of the methods used to diagnose and characterize an atmo-

spheric pressure plasma torch are able to provide instantaneous 2D measurements of

temperature and degree of ionization simultaneously. A method to do so, referred

to as the 2D Monochromatic Imagery Method (2DMIM), was developed in [2]. The

2DMIM is based off the Fowler-Milne spectroscopic method and determines the radial

temperature distrubution by measuring the line emission intensity produced by the

plasma at a known axial height.

Traditionally, intensity measurements are taken at specific spatial locations by

spectrometers by scanning through a range of wavelengths. Additional points along

the radial direction of the plasma are chosen and the process repeated to formulate

a 1D intensity plot. Alternatively, the intensity at a specific wavelength can be mea-

sured by a monochromator as it spatially scans across one dimension of a plasma.
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Both methods lack the ability to be either highly spatially resolved, temporally re-

solved, or both. This is the foundation that the 2DMIM is built upon. By utilizing a

high resolution CCD camera affixed with a narrow bandpass filter to image a single

emission line of the torch, an instantaneous 2D intensity measurement is acquired.

The 2DMIM allows for a precise depiction of the plasma flow field, with each pixel

of data corresponding to the intensity of radiated light emitted from the torch both

axially and radially.

For spectroscopic analysis of a single species gas the total line emission coefficeint

of a specific wavelength must be determined. This coefficient varies with wavelength,

thus having some apriori knowledge about what wavelengths may be emitted is neces-

sary. The total line emission can be calculated from Eq. 2.1. Here it can be seen that

the total line emission coefficient,εnm, is inversly proportional to the wavelength, λnm,

of the emitted radition of species j at a specific temperature T . This equation repre-

sents a transition of electrons from upper energy level m to a lower level n, where h,

c ,gm, Anm, nj, Qj, Em and kB are Planck’s constant, the speed of light in a vacuum,

the statistical weight of the upper energy level m, the spontaneous emission transi-

tional probability from the upper to lower energy level, the atomic partition function

of species j [89], the excitation energy of upper level m, and Boltzmann’s constant

respectively. εnm is calculated over a range of temperatures and normalized such that

the maximum emission coefficient is 1. The temperature this occurs at is deemed

the ”normal temperature”. This assumes that the plasma is in local thermodynamic

equilibrium (LTE) and has a maximum well defined temperature corresponding to a

peak emission coefficient.

εnm =
hc

4πλnm
gmAnm

nj(T )

Qj(T )
exp(
−Em

kBT
) (2.1)
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To use 2DMIM a measurement of the plasmas emitted intensity at the same

specific wavelength as the total line emission coefficient is also necessary. To get

this, a 2D chord-integrated intensity profile is experimentally measured in the X-Y

plane using a CCD camera at some height Z. This profile is used to determine the

normalized emission coefficient in the R-Z plane by performing an Abel inversion.

In this process, the measured chord-integrated intensity (X-Y plane) is transformed

into the radial distribution function of the emission coefficient. This process assumes

that the plasma is optically thin, rotationally symmetric, and the emitted radiation

is isotropic; thus, no absorption within the plasma occurs. Abel inversion recovers

three-dimensional data from the measured chord-integrated two-dimensional data.

The chord integrated intensity, I(x) must be expressed as a continuous function

and is given by Eq. 2.2, which is then analytically inverted to obtain the emission

coefficient given by Eq. 2.3. Similarly to the calculation involving Eq. 2.1, the

emission coefficient from 2.3 is normalized. This data exists per pixel per row of data

received from the CCD image. The 2DMIM is then used to recover a 2D R-Z profile

of the emission from the APPT by incorporating Abel inversion through generation

of an upper triangular area matrix constructed by geometric relations developed in

literature [90, 2]. With the normalized radial distribution of the emission coefficient

per row per pixel and the total emission coefficient vs. temperature profile calcualted,

2D spectroscopic measurements can be made.

I(x) = 2

∫ R

x

ε(r)r√
(x2 − r2)

dx (2.2)

ε(r) = − 1

π

∫ R

r

I ′(x)√
(x2 − r2)

dx (2.3)

To determine the best wavelength to use for the 2DMIM, the emission line spectral
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Figure 2.3: Dissociated Nitrogen (N-I) and singly ionized Nitrogen (N-II) emission
wavelengths vs intensity

distribution intensity plot, shown in Fig. 2.3, was generated from the tabulated

values of NIST for dissociated and singly ionized nitrogen [91]. To measure a single

wavelength from the spectral distribution of the APPT, a single line emission must

be filtered out. The line must be completely isolated to ensure that the emission

coefficient is not influenced by neighboring emission lines (either singly-ionized or

doubly-ionized emission lines). From Fig. 2.3, the 528.12 nm N-I nitrogen emission

line is a good choice based on spectral isolation. The closest neighboring emission lines

are for singly ionized plasma and are sufficiently far away (∼20 nm) to be eliminated

by optical filter.

To acquire the 2D chord-integrated intensity emitted by the APPT, a TSI, Inc.

29MP CCD camera was effectively converted into a 2D monochromator. The camera

was affixed with an AF Nikkor 50mm lens with aperture set to f/22 and operated in

12 bit RAW mode and affixed with diopter lenses and an Andover Corporation 532

nm bandpass filter with a ±10 nm wavelength range (FWHM). This filter transmitted
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the 528.12 nm emission line while reducing all other lines by a factor of 104 or greater

(OD4). This optical system was implemented to ensure that a maximum amount

of the CCD camera’s sensor gathered intensity data produced by the torch while

still satisfying the parallel ray projection criterion, in order to achieve the spatially-

resolved motivation for 2DMIM. The camera was controlled by utilizing the imaging

software Insight4G and the exposure time was limited to 100 µs. Both the aperture

and exposure were chosen to prevent overexposure whilst achieving a high signal to

noise ratio.

2.2.3 Visual Methods for Hydrodynamic Experiments

In addition to using spectroscopic measurements for plasma characteristics its also

important to be able to qualitatively visualize the plasma. This is useful for capturing

any hydrodynamic growth which may manifest itself during the RM or the MHD RM

instabilities. A common optical diagnostic which allows experimentalists to capture

both qualitative images and some useful flow characteristics is particle imaging ve-

locimetry (PIV). PIV uses scattered light reflected from a particle field suspended in

a gas. The particles in the gas phase are usually considered small enough to have

negligible lag and do not disrupt the gas flow. Images are acquired at two times with

a small δt and statistical correlations are performed to determine the particle velocity

field.

Typically this method requires particles to be injected either into the working

gas, here plasma, or into the surrounding gas. For this work seeing the plasma phase

presents a particular challenge. As mentioned previously the plasma consumed a

thin tungesten wire, with a melting point greater than 3695K. This makes finding

small particles which could survive the plasma environment difficult. There is also the
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matter of the electric interaction between any metal and the plasma which would have

to be considered, making electrically conducting particles undesirable. As such, the

non-ionized gas surrounding the plasma was seeded with non-conducting titanium-

dioxide particles, particle diameters between 0.3µm and 1.0µm, which were chosen

based on their high melting and vaporization temperatures, ∼ 2, 116K and ∼ 3, 245K

respectively. While this does not visualize the plasma itself, it does visualize the

flow field surrounding the plasma giving potential statistics for edge vorticities and

velocities which correspond well to the plasma flow characteristics.

The work presented in this chapter is simply to visualize the particle field and

therefore the plasma (the non-illuminated region). In the future this technique will

be further developed to acquire velocities at the plasma-gas interface. For now, the

method images the plasma interface morphology in the R− θ plane within the shock-

tube facility for future shock-driven MHD-RM instability experiments. To develop

this diagnostic technique, visualization of both the axial (R− Z) and cross sectional

(R − θ) planes were performed by imaging the particle-laden flow field surrounding

the plasma while filtering out the plasma’s emissions. The plasma’s emissions were

blocked by fitting the 29 MP CCD camera with a ThorLabs 532±1 nm laser line filter

that transmitted only 532 nm laser light reflected from the particles. To illuminate

the particles, a Nd:YAG laser, frequency doubled to 532 nm (≈200 mJ/pulse), was

used with supplementary optics to generate a thin laser sheet to illuminate either

the axial or cross-sectional plane. This technique had to be developed to be used

in the Missouri Shock Tube Facility, as such an acryllic mock-tube was developed

with a similar cross sectional area. Non-reflecting laser paper was used to eliminate

reflections from the plastic and surrounding metal and the torch was mounted to the

mock-tube for testing. This is shown in Fig. 2.4.

In the previous section, section 2.2.2, the CCD camera was made into a monochro-
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Figure 2.4: A) Conceptual representation of solid particle PIV test with R-Z Laser
Plane illuminated B) Constructed Mock-Tube for PIV testing
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mator via the use of an Andover Corporation 532±10 nm wavelength bandpass filter.

The purpose of this filter was to eliminate competing emission lines from the plasma

source so that the 2DMIM could be used to find temperature and charge density.

The purpose of this filter is to allow a high intensity signal from the plasma emissions

to be seen by the camera. While this may seem beneficial for imaging the particle

field as well, as the particles reflect the 532 nm Nd:YAG laser, the intensity of the

plasma is many times greater than the intensity of the laser. This can be mitigated

by using short wavelengths or small imaging exposure times, which will increase the

intensity of the laser relative to the plasma. As such, another filter will be utilized

to capture the scattered light from the particles and reduce the emissions from the

plasma. A Thor Labs 532±1 nm wavelength bandpass filter will be used for imaging

the interface. These two filters were tested using a variable wavelength light source to

monitor what wavelengths were visable at what relative intensities, the results shown

in Fig. 2.5. Here the solid lines represent the manufacturers curves while the shapes

denote experimental data, this data was taken on broad wavelength spectrometers.

The N-I emission line at 528.12 nm is also recordered. It can be seen that the Thor

labs sees less than 1% emission of the N-I line, while experimental data indicates the

Andover filter can see ∼20% of the relative intensity. Both allow over 50% relative

intensity of 532 nm. As such, for a better interface photo the Thor Labs filter will be

used while the Andover filter will be used for 2DMIM.
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Figure 2.5: Comparison of the relative intensity at various wavelengths viewable
through the (blue) Andover 532±10 nm wavelength filter and the (red) Thor Labs
532±1 nm wavelength filter. The solid lines indicate manufacturers specifications
while the shapes represent experimentally measured data. The N-I 528.12 nm emis-
sion line, desirable for the 2DMIM, is also shown here
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Table 2.2: APPT Operating Parameters
Arc Voltage: 40-80 V
Arc Current: 100 - 200 A
Axial Gas Flow Rate: 1 - 10 SLM
Tangential Gas Flow Rate: 0.4- 2.5 SLM

10% - 50% of total flow

2.3 Results

2.3.1 Operating conditions of a nitrogen APPT

There are three basic components utilized when developing and diagnosing an APPT,

arc voltage, arc current, and gas flow rate (both axial and tangential flow rates). The

parameters used are shown in 2.2. These three parameters were optimized to produce

a stable laminar APPT with the longest jet length possible. The voltage and current

in this table are limited by the 15 kW DC power supply. That is, if the current is set

to 200 A, the voltage can approach 80 V.

Jet length was first measured using visible spectrum emissions, imaged by a DSLR

camera. Fig. 2.6 shows a visible spectrum emission image of the torch in operation

(right) and a calibration image for measuring the torch height (left). The image

on the right was taken when the torch operated with an arc current of 170 A, an

arc voltage of 49 V, and gas flow rates of 3.2 SLM axial and 0.6 SLM tangential.

As shown in the right image, two distinct regions are visible. Region 1 depicts a

luminous core surrounded by a luminous aureola, and thus represents the plasma

region. The plasma region contains both ions and electrons, and is dominated by the

various types of collisions, obeying the local quasineutrality assumption. Region 2

hosts both excited atoms and collisions but does not constitute a plasma, as there are

no longer photons emitted at wavelengths corresponding to the dissociated or ionized
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Figure 2.6: Calibration image (left) and APPT image (right) showing ionized region
jet length (Region 1) at 20 cm and total jet length (Region 2) at 80 cm in length.

emission spectrum. This region ’glows’ due to the hot incandescent gas. Ionized or

dissociated molecules could exists in minute quantities beyond the bounds of region

2 but are undetectable by the current experimental setup.

Often distinguishing between what the plasma region and the incandenscent region

is forgone because total jet length is denoted as plasma length. To separate these

regions, images were taken with a DSLR camera for diagnosing the total jet length

while simultaneously capturing images of singly ionized nitrogen emissions at 528.12
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Figure 2.7: The voltage-current characteristics with respect to gas flow rate; as the
current is increased the voltage increases as well

nm using a CCD camera and the 2DMIM to measure what is deemed the ionized

region jet length. The ionized region jet length was determined by locating the

highest point within the intensity field, captured by the CCD camera, that satisfied a

minimum signal-to-noise ratio of S/N = 10, that occurred consistently within a 10x10

pixel grid.

Shown in Fig. 2.7 are the V-I characteristics of the APPT for three gas flow rates.

The three gas flow rates were 5, 7, and 10 SLM axial flow with the tangential flow

rate kept constant at 1 SLM. The arc current was set by the HCDC power supply and

the corresponding arc voltage was recorded. As seen in Fig. 2.7, increasing either the

constant arc current or the gas flow rate increases the over all power into the flow.

Fig. 2.8 displays both the total jet length and the ionized region jet length as

the axial gas flow rate was increased. The tangential gas flow rate and the power

delivered to the arc were both held constant at 1 SLM and 15 kW, respectively. The

power was held constant by operating the Hgh Current Direct Current (HCDC) power

supply in constant power mode. As the axial gas flow rate increased, the total jet

length increased up to 3 SLM, followed by a diminishing return thereafter. This was
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Figure 2.8: The total and ionized jet length with respect to increasing axial gas flow;
as the gas flow increases the total and ionized region lengths converge. Similarly
after a maximum axial flow rate of ∼6 SLM both lengths begin to diminish due to
turbulent effects

visually determined to be the result of a transition between laminar to transitional to

turbulent flow regimes. Although the total jet length began to decrease as the axial

flow rate increased past 3 SLM, the ionized region jet length increased until it became

nearly equivalent to the total jet length at axial flow rates of 6-7 SLM. Axial flow

rates of 7 SLM or greater resulted in turbulent effects dominating the flow causing

an overall decrease in total jet length.

The last study performed when developing the APPT was to determine how the

ratio of axial to tangential gas flow rates affected the total and ionized region jet

lengths. This was accomplished by operating the torch HCDC power supply in max-

imum constant power mode and keeping the overall gas flow rate constant while

varying the ratio of axial to tangential gas flow rates from 10% to 50%. The resulting

plot for using total gas flow rates of 3 SLM and 5 SLM is shown in Fig. 2.9. As

this plot shows the jet length was not strongly affected by the flow ratio, though the

longest jet lengths were achieved at a ratio of 70% axial to 30% tangential gas flow

rate.
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Figure 2.9: Ionized and Total Jet lengths with respect to tangential gas flow rates

While performing these studies other important factors, specifically repeatability

of jet length observations, deserve consideration. The total jet length as shown in

Fig. 2.6 does not coincide with the plots produced in Fig. 2.8 and Fig. 2.9. This is

because the experiments in Fig. 2.6 utilized a newly constructed nozzle anode section

and cathode tip, not yet subjected to ablation and erosion effects, which produces a

longer more laminar jet. As the APPT is operated, the initial jet length decreases,

but quickly ( 10 min) settles into a stable condition where reproducible lengths are

observable for many hours of operation. While the results portrayed in this diagnostic

section are similar to results published in literature, the ability to implement fresh

components for each jet length data point would be extremely arduous. Should new

components be implemented, the results will scale accordingly; ultimately yielding

the same overall trends for jet length optimization and ionized region vs. total jet

length. Future design modifications may be made to maintain this initial longer total

jet length. However, the ionized region, necessary for future MHD-RMI experiments,

is not significantly affected by overall jet length. Thus, constantly implementing fresh

components may not be beneficial.
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2.3.2 Langmuir Probe Results

It was mentioned previously that the Langmuir probe draws a current from the plasma

due to the potential difference between the initial biased probe voltage, VB and the

plasma while the data is read in by the DAQ. The measured data does not create the

traditional langmuir curve, shown in Fig. 1.9. Instead, the initial data the voltage

change with respect to time. Since the probe is sweeping, the initial signal gathered

by the DAQ is the voltage bias to the probe as measured across resistors 1-5, Fig.

2.2. The signal changes as the sweeping probe enters into the plasma increasing as

the probe moves from a less charged region into the center of the torch, and then

decreases as the probe exits the center until it exits the plasma and returns to the

bias voltage. An example of the data draw in this way is shown in Fig. 2.10 for

a height of 25 mm in Z. Here two curves represent the signals drawn at different

charges. The red line and left y-axis represent an experiment with a VB = 10 V.

As the positively charged probe enters the plasma it draws negative charged species,

decreasing the overall voltage signal. Similarly, the blue line and right y-axis represent

a run with VB = −9 V. As the negatively charged probe enters the plasma it draws a

small amount of positive charge increasing its over all signal. The negatively charged

probe draws only enough ions to increase its signal by less than 0.01 V, meanwhile

the positively charged probe draws enough electrons to drop its voltage a little over

0.5 V. This may indicate that the floating potential is more negative than positive.

The probe was swept through the plasma, at some set height Z, for a range of

potentials a number of times and the curves shown in Fig. 2.10 were averaged together

at each VB. The local extreme of each curve was then taken to represent the maximum

voltage at each point. The measured voltage, V1, and VB were differenced and the

circuit, Fig. 2.2, was used to calculate the necessary current drawn to produce the
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Figure 2.10: Langmuir probe data. These plots show the change in potential measured
at the probe due to the current draw when VB = 10 V (Red) and VB = −9 V (Blue).
Here it can be seen that a positively biased probe draws negative current and decreases
the overall potential while a negative probe draws positive current and increases the
overall potential while the probe enters the plasma
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measured voltages. This extreme value was plotted against the initial VB in Fig.

2.11 A). This plot is supposed to be similar to the idealized Langmuir curve, Fig.

1.9. From this plot, one should be able to identify the ion and electron saturation

currents as well as the plasma and floating potentials. However, the data gathered

during these experiments make identifying these parameters difficult. From the plot

it appears that neither of the saturation currents have been reached. The data is

unsteady in both the ion saturation and electron saturation regions. For the electron

saturation region, its been discussed that at high pressure applications the smaller

mean free paths may cause the electron saturation current to be difficult to obtain.

This is because as the probe draws negative charged species to its sheath, the positive

ions begin to react. Normally, large mean free paths would mean that the positive

particles couldn’t set up their own space charge, but with the higher number density

available to atmospheric plasmas the positve ions can draw additional electrons. Since

the electrons have high mobility, they have the ability to affect the probe current as

they’re drawn to and through the positive sheath. As such, with increasing positive

charge the langmuir probe may setup several layers of space charges, drawing an ever

increasing electron current.

In addition to this complication, the ion saturation current has also not been

found. Unlike the electron current, this parameter is easier to obtain in high pressure

applications due to the ions low mobility. However, it was estimated from other

published research that the max current drawn to the probe would be under ± 1

A. As such, a simple DC power supply with a 1 A limit was purchased to bias the

probe. From this data it can be seen that the current can exceed the equipments

limitation, and it was indeed observed in experiments that when the current in the

circuit rose above 1 A, the power supply dropped its voltage and entered a constant

power mode. This had the effect of disrupting the local charge around the probe and
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could greatly affect the data. As such, neither of the saturation currents were reliably

found. Similarly the floating potential, or the VB which draws 0 current, is difficult

to observe due to large number of voltages which gathered 0 current. Similary there

is no apparent knee.

Ignoring for a moment that the data may not be entirely accurate, we can persue

another avenue for analysis. Once the currents in Fig. 2.11 A) are found, the minimum

current is subtracted from the data such that the curve is shifted up. The natural

log of the currents is then taken and plotted against the biased voltage, Fig. 2.11

B). This plot removes the ion saturation current and instead should depict a linear

region between where the voltage increases and draws some mixed current and the

”knee”, or the plasma potential. If this region is indeed linear, the inverse slope of

this region can be used to determine the electron temperature in electron-volts. The

conversion then can be made to kelvin. Figure 2.11 B) shows three different regions

in an attempt to identify this temperature. The orange region is what would be the

linear region, if the gray region were the ”knee” or the plasma potential. The blue

region indicates the unused section of the current. From this experiment, its clear

that while current can be drawn and the bounds of the torch identified (Fig. 2.10)

more work needs to be done to correctly calculate the V-I characterstics of the plasma

with this method.

2.3.3 2D Monochromatic Imaging Method Results

To fully utilize the 2DMIM, the computed total line emission coefficient must be

plotted versus temperature, eq. 2.1. The normalized peak can then be used to find

the normal temprature of the assumed charged species. These temperatures can also

be correlated to the mol fraction of neutral, dissociated, and charged components of
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Figure 2.11: Top: Raw Langmuir Data, Bottom: The log natural of translated Lang-
muir data. The data has been shifted up by the estimated ion saturation current in
an effort to find the electron temperature. Here the data can be seen to be scattered
and difficult to correlate with regards to the idealized langmuir data previously shown
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the plasma species, allowing one to estimate what percent ionization exists at the

temperatures. Its also necessary to get a calibration image from a transferred torch.

These steps were not covered in the previous discussion and thus wont be presented

here. However, they are important to the method and additional information can be

found in the paper this section is based off of [2].

Once the optical system is calibrated, spatially resolved 2-D temperature and

degree of ionization profiles could be made for the APPT in the non-transferred arc

configuration. Performing the Abel inversion[2] on the intensity image was done

per row of data such that the maximum intensity value was taken to correspond

to the centerline axis of the torch. The left and right side of the image (relative

to the centerline of the torch) were then Abel inverted separately so as to preserve

some of the torch asymmetry. The left image in Fig. 2.12 shows the bandpass filtered

image (528.12 nm line emission), temperature (center) and degree of ionization (right)

profiles for the APPT operating at 2.1 SLM axial and 0.9 SLM tangential gas flow

rates with an arc current of 200 A. These parameters were chosen to ensure that the

entirety of the plasma containing region would be captured and to ensure a high level

of spatial resolution (540 x 2100 pixels) would be achieved. Ionized region jet lengths

greater than the one imaged in Fig. 2.12 would ultimately result in the entirety of

the plasma containing region not being captured by the calibrated optical system.

Larger torches were imaged but the entirety of the ionized region was not visible.

The total jet length achieved for these conditions was 280 mm. However, the ion-

ized region jet length was only 64 mm for this specific case, as shown in Fig. 2.12. As

the plasma is ejected out of the nozzle, the intensity values measured decreases both

axially and radially. This is due to recombination, de-excitation, and diffusion effects

that return the ionized gas (N+ + e-) to its dissociated (atomic nitrogen, N) and then

initial (molecular nitrogen, N2) state. The maximum plasma temperature occurred
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Figure 2.12: The 2DMIM results showing the monochromatic raw image (Left), the
R−Z temperature distribution (Middle), and the degree of ionization as a function of
temperature (Right) for axial and tangential flow rates of 2.1 and 0.9 SLM respectively
and an arc current of 200 A

at the exit of the nozzle and was found to be nearly that of the normal temperature,

14,000 K with a maximum degree of ionization of ∼27%. This is to be expected as

arc root attachment within the nozzle is very close to the exit. Additionally, the

radial plasma temperature profile just above the nozzle exit is shown in Fig. 2.13.

Previous monochromatic and spectroscopic investigations of APPTs have depicted a

Gaussian profile when examining the radial temperature distribution. Implementing

the 2DMIM however allows for more accurately defined profile to be achieved that

shows a non-Gaussian profile. At the edge of the plasma-atmosphere interface there

is a steep defined gradient where the temperature drops sharply from ∼7450 K to

equilibrium with atmospheric (room) temperature ∼300 K. This is because as the

temperature drops radially the charged and dissociated nitrogen no longer has the

energy necessary to exist in an unstable state. Thus, as it cools it recombines to form
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Figure 2.13: Radial Temperature profile at nozzle exit for APPT experiment shown in
Fig. 2.12. Dashed line indicates plasma temperature measurements with unresolvable
N-I concentrations

stable molecular nitrogen and there is no longer any significant presence of emitting

electrons or ions.

2.3.4 Plasma Imaging Results

The plasma emission was found to be much greater than the illuminated particle field

over a longer exposure (100+ µs) as seen in Fig. 2.14 (a), necessitating the use of a

narrow bandpass filter. Keeping the CCD camera exposure (duration of intensity data

acquisition) to 100 µs (near the limit of the camera) also minimized the continuous

plasma emission intensity integrated over the duration of the exposure. Since the

duration of the laser pulse, and thus particle field illumination time, is approximately

4 ns, the reflected laser signal compared to the plasma emissions will increase as the

exposure time is decreased to 4 ns. From Fig. 2.14 (b), it can be seen that plasma

emission is still visible while using the 532±10 filter but that there is a large reduction
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Figure 2.14: Plasma-Particle Interface Imaging results: a) R−Z plane imaged without
any filter b) R− Z plane imaged with 532±10 nm Andover bandpass filter c) R− Z
plane imaged with 532±1 nm Thor Labs bandpass filter d) R− θ plane imaged with
532 Thor Labs bandpass filter. Both c) and d) give the best results for eliminating
the emissions from the plasma for future hydrodynamic experiments

in the illumination intensity of the plasma compared to using no filter, Fig. 2.14 (a).

Here, the laser illuminated particle field intensity is on the same order to that of the

plasma emission intensity.

Additionally, there is a boundary layer evident between the plasma and the sur-

rounding particle-laden atmosphere. This is consistent with the results shown in Fig.

2.13 where the particles that would otherwise be present, have vaporized due to the

high temperature imposed on them by the plasma. The particles melting temperature

is 2,116 K while the vaporization temperature 3,245 K. Using simple 1D calculation

for particle heating and phase change the particle life is estimated to be on the order
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of 100 µs [92, 93].

The elimination of the plasma emission is visible in Fig. 2.14 (c), where the

dark column in the middle of the figure is the plasma flow region. Additionally, the

illuminated particles appear only in a circular section of the camera field-of-view with

the narrow bandpass filter affixed even though particles in the full field-of-view are

illuminated by the laser sheet. This is attributed to the angle of incidence of scattered

(reflected) light from the particles (rays), as the wavelengths passed by the narrow

bandpass filter shift towards the blue spectrum (the center wavelength of 532 nm is

blocked) as the angle of incident light decreases. Thus, less particle illumination (i.e.

laser light reflected off the particles as convergent or divergent rays) is passed through

the laser line filter in regions away from the center of the field-of-view. In Fig. 2.14 (a-

c), there are also structures formed outside the plasma boundary (shown in dashed

red lines) which occur due to particle injection into the atmospheric surroundings

within the MT section.

To visualize the R − θ plane, the laser sheet was rotated 90◦, the camera reposi-

tioned to capture the new laser plane, with the result shown in Fig. 2.14 (d). As with

many PIV experiments implemented to investigate hydrodynamic instabilities such as

the RM instability, a cross sectional image of the R−θ plane is desired to capture the

instability as it evolves in time. Since the R− θ plane is not able to be captured with

the camera positioned directly above the plasma jet column, the image was acquired

at an off-axis angle from the plasma column (perpendicular to the laser sheet) and the

image was corrected using for angle. Therefore, developing this method can be used

for PIV measurements in future MHD-RM instability experiments once implemented

in the FMSTL shock tube.
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2.4 Conclusions

The development and diagnosis of a non-transferred DC arc atmospheric pressure

plasma torch was presented in this chapter. A long laminar torch was developed and

gas flow rates, arc currents, and arc voltages were explored. It was found that the

jet length and total power are functions of axial flow rate. It was also found that the

total jet length can be divided into two regions, a plasma region and an incandescent

region. As the axial flow rate is increased the plasma region grows as the total jet

length decreases until the torch transitions to turbulence and both decrease in size.

Tangential flow was also explored and found to have a minimal effect.

Diagnosis of the plasma was performed utilizing a single langmuir probe, 2D

Monochromatic Imaging Method, and a particle Mie scattering method (particle im-

age velocimetry). While the Langmuir Probe measurements were unsuccessful, the

experiment as a whole seemed promising. It is recommended that the equipment

be upgraded so that the plasma parameters can be found. It may also be beneficial

to persue a double langmuir probe configuration, so that the biased and measure

voltages are based on the circuit and may provide more stable readings. Despite the

langmuir probes failure, the 2DMIM was able to provide electron temperatures and

charge density. This data can be used for future experiments and simulations. Simi-

larly, the PIV-like Me scattering images can be used to capture the interface in R−Z

and R− θ and are ready for use. Once MHD-RM instability experiments are run this

method can be converted to full PIV and provide data to validate simulations.
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Chapter 3

2D Simulations of the
Magnetohydrodynamic Effects in a
Shock-Accelerated Gas Cylinder

This chapter presents 2D simulations on a cylindrical Richtmyer-Meshkov Instabil-

ity in Magnetohydrodynamics. It was adapted from a publication in Physical Re-

view Fluids, [3]. Three studies are presented in an effort to quantify and qualify

the evolution of the MHD RM instability by varying the magnetic field orientation,

strength of the magnetic field, and strength of the shock wave driving the instability.

The orientations considered herein are either parallel or perpendicular to the shock

wave motion. The second study varies the magnetic fields between 100, 250, and

500 gauss (G); while the third study considers incident shock wave Mach numbers

M = 1.2, M = 1.66, and M = 2.2. These parameter ranges were selected to be easily

achievable in experiments while the interface perturbation was selected such that its

evolution is independent of either the shock wave or magnetic field orientations inde-

pendently. It was found that the MHD RM instability evolution is dependent upon

the magnetic field orientation relative to the shock transit direction as well as their
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individual magnitudes. This is because the mechanism of suppression, attributed to

Alfven waves, is a function of the magnetic field strength and the orientation of the

magnetic field while the mechanism of RM instability evolution, baroclinic vorticity

deposition, is a function of the Mach number. Stronger magnetic fields were found to

provide greater mixing suppression and have significant effects on RM instability-like

interface morphology. Finally, increasing the shock wave strength generated compet-

ing effects between higher RM instability vorticity deposition and greater vorticity

removal from the interface by faster Alfven waves.

In consideration of the research done in literature previously and with future

hydrodynamic experiments in mind, this section will explore a cylindrical interface

of perfectly conducting gases in the presence of a magnetic field through simulations.

The simulations presented are 2D in cartesian coordinates and consider a 2D (R-

Θ) slice of a cylinder interface with a planar shock wave. The nomenclature of

cylindrical will be adopted with consideration for previous RM instability literature

on both experiments and simulations. The simulation conditions were selected to

be achievable in experiments at the University of Missouri Fluid Mixing Shock Tube

Laboratory (FMSTL) [84]; additionally the cylindrical interface was chosen for its

unique geometry. The nature of the cylinder is such that it provides a double interface

[18, 19, 20] and does not have a preferential direction with respect to the shock wave

or the magnetic field. However, the growth of the cylindrical interface exhibits a

dependence on the orientation of the magnetic field relative to the shock wave. In

Fig. 1.7, the shock wave is shown traveling in the Y direction. This means the site

of maximum vorticity deposition is |α| = π/2. However, if the shock wave direction

was changed such that it was traveling in X the maximum vorticity would occur

on |α| = 0, or orthogonal to the shock wave direction. Assuming the interface is

allowed to evolve uninterrupted by boundaries and magnetic fields the evolution of
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the cylindrical RM instability would be the same between these two cases.

3.1 Computational Enviroment: FLAG

The 2D simulations presented in this work were performed using the hydrocode FLAG

[94, 95]. FLAG is a multi-material multi-physics hydrodynamics code developed

at Los Alamos National Laboratory (LANL). FLAG includes a fully unstructured

grid mesh, allowing an arbitrary polyhedral mesh, and can function as an Arbitrary

Lagrangian-Eulerian (ALE) code utilizing a Lagrangian hydrodynamics step followed

by an optional relaxation and remapping step [96, 97]. The relaxation algorithm in

the current work is a Laplacian-type smoothing, and is performed every cycle. The

FLAG remapping step uses the Flux Corrected Transport (FCT) algorithm of Boris

and Book [96, 98] to achieve second-order accuracy for smooth solutions, while pre-

serving monotonicity at discontinuities and ensuring conservation. The implementa-

tion is directionally unsplit in 2D/3D, based on Zalesak [99] and limited gradients are

computed with the unstructured Barth-Jespersen limiter [100]. Experience suggests

both FCT and gradient-limiting are necessary for high-strain-rate flows on highly de-

formed meshes. Multi-material interfaces are reconstructed using Youngs’ volume of

fluid method (VOF) [101].

FLAG utilizes the ideal MHD equations, shown in the Introduction as Eqs. 1.10

through 1.15 and utilizes a poisson solver for divergence control. In addition to

treating the materials as perfect conductors, FLAG also treats all fluids as ideal

gases, gamma law equation of state shown as Eq. 1.9. While FLAG has resistivity

capabilities, this work does not consider two fluid MHD, resistivity, or Hall effects.
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3.1.1 Simulation Parameters and Initial Conditions

The simulation parameters for all cases are given in Table 3.1. All simulations consider

a cylindrical interface with a diameter of 2 cm. This interface is perfectly conducting

nitrogen gas at 2500 K. The interface bulk temperature was selected in regards to the

process of ionizing nitrogen at atmospheric conditions. The interface is surrounded

by air at 300 K, the unshocked region is initialized at standard atmospheric pressure.

Figure 3.1, an annotated pseudo-color of plasma mass fraction (species 2 per the

Atwood number definition) given as ΥP , shows the initial conditions common to all

simulations. Here the shock wave is represented by a planar black line and with an

arrow showing the direction of motion. A diffuse interface was chosen to due to the

large temperature difference between the interface and its surroundings. This figure

also has a thin line visible in the diffusion layer which represents the 5% plasma

species contour line and is visible in all images for clarity. While this figure shows the

interface, it does not show the boundaries in either the X or Y directions. This slice

shows the interface at time t = 0 and is a 5 cm by 5 cm area centered around the

interface, this scheme will be used repeatedly throughout this work. The full domain is

20 cm by 2000 cm with reflecting boundaries in X and Y respectively. The resolution

in all simulations is 100 nodes per centimeter (200 nodes per cylinder diameter) and

all images are visualized using the computational post-processing software ENSIGHT,

developed by Computational Engineering International, Inc.

To investigate the effects of the magnetic field on the MHD RM instability, simu-

lations were conducted over a wide range of parameters. The parameter ranges were

selected with the design of future experiments in mind. The first parameter consid-

ered is the magnetic field orientation where the traditional RM instability, B = 0 is

compared to cases with a perpendicular, B = B⊥, or parallel magnetic field, B = B‖,
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Table 3.1: Initial Conditions for 2D Simulations
B B‖ B⊥

B (G) 0 100, 250, 500 100, 250, 500
β - 2550, 410, 100 2550, 410, 100
P0 (Pa) 101,325
T1 (K) 300
T2 (K) 2500
ρair(kgm

−3) 1.12
ρN2(kgm

−3) 0.136
A 0.79
M 1.2 1.66 2.2
Ups (ms−1)+/- 1% 108 311 514
Di (cm) 2

of 500 Gauss (G). These cases all share M = 1.66, a Mach number realizable within

our shock tube [84], and A = 0.79. This study is presented in Section 3.2.1. After the

orientation effects are presented, the magnetic field strengths for both orientations are

varied as 100, 250, and 500 G. This range of field strengths was selected for two rea-

sons; first, this range is easily achievable for experimentalists even when considering

a shock tube domain, and second, if observable suppression occurs at weak magnetic

fields in ideal MHD, it’s possible that even with resistivity effects a strong magnetic

field is unnecessary to suppress the instability. The results for this study are shown

in Section 3.2.2. Similar to Section 3.2.1 this section has M = 1.66 and A = 0.79.

The final parameter investigated within this work is the Mach number. The two

previous studies explored the effects of the magnetic field, but it is also of interest

to see how the hydrodynamics variables may affect the evolution of this interface in

MHD. Sections 3.2.1 and 3.2.2 utilize M = 1.66, and so this study will expand the

Mach numbers to include M = 1.2 and M = 2.2. These numbers were selected as

they are within the range of our shock tube, and the post-shock velocity increases by

approximately 200 ms−1 with increasingM . This study will only consider the B = 0 G
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Figure 3.1: 2D species pseudo-color representing all initial conditions for this work.
Here the shock wave is traveling in the +Y -direction and the interface considered as
a 2 cm diameter cylinder of N2 at T = 2500 K. The magnetic field, if present may be
parallel (along Y) or perpendicular (along X) to the direction of propagation of the
shock and is not shown here. The image is centered about y = 0.

and B = B⊥ = 500 G cases. As this work seeks to study a shock driven hydrodynamic

instability in magnetohydrodynamics, it should be noted that the inclusion of MHD

effects can alter the shock jump equations due to the addition of the magnetic pressure

term [102]. However, the initially single directional magnetic fields presented here do

not meaningfully change the post shock conditions. This was observed by looking

at the post shock scalar fields for temperature and pressure, which vary up to 3%

from the expected conditions, and the post shock velocities, which vary up to 2%.

Therefore, the authors feel confident in comparing 500 G magnetic fields cases to the

traditional RM instability at different Mach numbers in this work.

When discussing the results, a naming convention becomes necessary in the face of

such a wide parameter space. As such, the following naming convention will be used.

Each case will be denoted in the following format M#Bdir# where M# indicates the

Mach number and the # is replaced by a 1.2, 1.7, or 2.2 for a Mach number of 1.2,
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1.66, or 2.2 respectively. The second half of the nomenclature represents the magnetic

field. Here, dir can be either ⊥ or ‖ to represent a field perpendicular or parallel to

the shock wave direction. The # will be either 10, 25, or 50 for a field of 100, 250, or

500 G. Lastly, there are cases where the magnetic field will be set to 0 to recover the

traditional RM instability and will be denoted by B0. For example, M1.7B0 stands

for a case which considers a Mach number of 1.66 and no magnetic field.

3.2 Results

For a traditional cylindrical RM instability with these initial conditions, M1.7B0,

significant RM instability developement occurs as early as t = 0.5 ms post shock.

However, it is desirable for each case to be considered using a standard temporal

scale, especially across the various Mach numbers. As such, a non-dimensional time

common in RM instability literature will be used for all cases. This time, given in Eq.

3.1, is a function of time, the interface amplitude, and the shock wave transit speed

or t, η0, and wi respectively. Since the interface is a cylinder the interface amplitude

is replaced by its diameter, thus η0 = d. Therefore, all simulation results will be

presented using τ for consistency.

τ =
twi

d
(3.1)

3.2.1 Magnetic Field Orientation

The first study presented in this work will compare the M1.7B⊥50 and M1.7B‖50

cases to the traditional RM instability case denoted as M1.7B0. Figure 3.2 contains

the species pseudo-color with respect to τ and has been annotated in order to aid
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discussion. At early time M1.7B0 shows two large vortices and a thin bubble front.

As the simulation progresses, this bubble front dissipates and the vortices begin mix-

ing. By late time, the tight vortex structures have experienced significant mixing

leaving almost no pure plasma species. The most similar MHD RM instability case is

M1.7B‖50, where the magnetic field is parallel to the shock direction. This case shows

similar evolution at early time but with less developed vortices and a thicker bubble

front. At mid-time, large vortex structures have formed but exhibit less mixing and a

larger area where the plasma species is preserved when compared to M1.7B0. There

is also a morphological difference in the vortices, as tear drop like spikes form near

the leading edge of the interface. At late time, the vortices and spike-like structures

have been stretched as the interface grows. However, there is a significant reduc-

tion in species fraction dissipation, which suggests a reduction in mixing with the

surrounding gas.

The middle column shows results from M1.7B⊥50. Immediately a difference can

be seen between this case and the other two as early as τ ≈ 3. Here, a thick bubble

front is present with almost no vortex development. By mid-time the morphology is

significantly different than the other two cases. No vortex features are present, instead

there is a thick bubble front structure. There is also significantly less mixing, with

a strong concentration of pure plasma. At this time, the bubble front also exhibits

a convex leading edge and a concave trailing edge. By late time the configuration

of these regions have reversed. That is, the interface has inverted itself. Similar to

mid-time, there is almost no change in the species pseudo-color to suggest additional

mixing. Therefore, both magnetic field orientations show a decrease in qualitative

mixing and RM instability evolution when compared to the traditional RM instability,

with M1.7B‖50 showing similar morphology with reduced qualitative mixing and

M1.7B⊥50 showing no discernible evidence of the RM instability.
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Figure 3.2: Magnetic orientation study; pseudo-color of species for the M1.7B0,
M1.7B⊥50, and M1.7B‖50 cases with respect to τ . The images are centered about
y, respective to τ at y(τ ≈ 3) = 3.11 cm, y(τ ≈ 7) = 7.64 cm, and y(τ ≈ 15) = 15.55
cm.
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It’s common when considering the RM instability to try to quantify the mixing.

However, this can be a challenge as one must determine the amount of mixed fluid

versus the amount of entrainment in the system. The mixedness parameter, given

in Eq. (3.2) is often used in RTI literature [103], and is considered as the ratio of

the mixing half-width layer, h, to the half-width homogeneous mixing layer, hhom, or

simply the ratio of mixing to entrainment. These widths are functions of the mass

fraction of the plasma species, ΥP , where an overbar and ′ denote an average and a

fluctuating component respectively. The mixedness is bounded between 0, for a case

in which no mixing has occurred, and 1 where two species have mixed completely.

To calculate Ξ the averages were taken in Y while the integrals were taken in X.

This parameter is shown in Fig. 3.3. Since the qualitative evolution is indicative of

mixing, it is expected that the more RM instability-like evolution that is observed the

higher the mixedness as time advances. However, in Fig .3.3 each case shows an initial

decreasing mixedness. Just after the passage of the shock wave the interface exhibits

large scale mixing, or entrainment, due to compression. However, as vorticity becomes

active on the interface a traditional RM instability will experience greater small scale

mixing and the mixedness will trend towards. Conversely, more suppressed cases

which do not experience small scale mixing may either exhibit a shallow positive

slope or stagnant mixedness behavior. Therefore, M1.7B0, or the traditional RM

instability, should exhibit the highest mixedness. From Fig. 3.3 this is indeed the

case. It follows then that since M1.7B‖50 is more similar to M1.7B0 it would have

the second highest mixedness while M1.7B⊥50 has the least. From Fig. 3.2 it was

expected that the mixing had stopped for M1.7B⊥50 by τ ≈ 7 with only an interface

inversion occuring between τ ≈ 7 and τ ≈ 15; indeed the mixedness for this case is

stagnant. The authors would like to note that while mixedness is a quantity sensitive

to grid resolution, all simulations presented in this work share a resolution of 100
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Figure 3.3: Mixedness, Ξ, with respect to τ for the magnetic orientation study.

nodes per diameter. Therefore, while mixedness may scale with the resolution the

general trends are expected to hold so long as each simulation is compared on a fair

grid. It should also be noted that the authors do not expect to be able to converge

integral measurements in a 2D geometry, and thus to get reliable results one should

run 3D simulations. Thus, the mixedness plots should be considered for their trends

only.

Φ =
h

hhom
= 1−

∫ L

−L Υ′PΥ′Pdx∫ L

−L ΥP (1−ΥP )dx
(3.2)

In order to understand the observed differences in both qualitative and quanti-

tative mixing between the cases, one can look at the mechanism responsible for the

evolution of the RM instability; that is vorticity. The vorticity is calculated using

Eq. 3.3. When considering the effects of MHD waves, it is important to visualize

the vorticity and explore whether that vorticity is causing mixing. To generate RM

instability mixing the vorticity must act on the gradient of species. Thus, a new pa-
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rameter was created by taking the magnitude of the species gradient and multiplying

it by the magnitude of the in-plane vorticity, as shown in Eq. 3.4. This parameter,

Ξ, is shown at late time in Fig. 3.4 along side ω.

−→ω = ∇×−→u (3.3)

Ξ = |∇ΥP ||ω| (3.4)

In Fig. 3.4 ω is shown at times τ ≈ 3, 7, and 15 while Ξ is shown only at late

time. For M1.7B0 the vorticity is very neatly organized with similar behavior to the

corresponding species pseudo-color. It was previously discussed that the maximum

vorticity will be deposited at two sites normal to the shock wave direction. Its also

known that the vorticity will be advected by the MHD waves along the field lines.

M1.7B‖50 shows this through a stretched vortex field. The M1.7B‖50 case has a

similar vorticity field to M1.7B0; that is two vortices at ±π/2. However, the vorticity

has been stretched and organized into layers as opposed to cores and can be seen to be

acting over a larger area than the interface. The vorticity only appreciably intersects

the interface on the outside perimeter of the leading edge near the tear drop like

spikes. This stretched, less organized vortex field can explain both the stretching of

the interface and the reduction in mixing.

The vorticity field in M1.7B‖50 exhibits a stretched field as predicted by previ-

ous discussion, thus one might expect the perpendicular magnetic field to move the

vorticity normal to the shock wave direction in M1.7B⊥50 causing vortex compe-

tition. This would not only remove the vorticity from the interface faster than in

M1.7B‖50, which advects tangentially in such a way as to interact with the interface

over a longer time, but it could cause vorticity to compete within the interface and
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potentially cancel. While vortex competition may also occur in a parallel field case,

the lack of vortex stretching in the direction of the shock wave propogation in the

perpendicular field may lead to greater vortex cancellation. In M1.7B⊥50 the signs

of vorticity have switched, that is the positive vorticity is on the right of the interface

and the negative on the left, suggesting vortex advection across the interface. The

vorticity also appears to be weaker than in the other two cases, also suggesting some

mechanism to reduce the total vorticity.

In an effort to illuminate the effects of the vorticity advection Ξ visualizes the

interaction of vorticity and the species gradient, which is the source of mixing, and

is shown in the second row of Fig. 3.4. M1.7B0 shows a Ξ field very similar to

the vorticity and species. There is a strong Ξ core where the plasma mass fraction

approaches one and the vorticity is the strongest, and layers of Ξ where vorticity

works to mix the interface with the surrounding species; driving the species gradient

to decay. The results of the stretched vorticity field in M1.7B‖50 can also be seen

in Ξ to cause mixing in the outer leading edges of the rollup structures. Here mod-

erate vorticity acts on a very strong species gradient creating Ξ twice the magnitude

experienced in M1.7B0. Despite its strength, Ξ only works on the outer edge of the

interface, causing the interface to stretch but not mix to levels seen in M1.7B0.

In M1.7B⊥50, Ξ is a full order of magnitude smaller than the other cases. Here,

despite there being a large species gradient, that is almost no mixing has occurred,

creating a large area with a steep species gradient. There is also almost no vorticity

acting on the interface. In fact, the majority of the Ξ which can be seen in this

case appears at the leading and trailing edges of the interface, the areas where the

inversion is most apparent. This also explains why the vortex features do not exist in

this case; there is no vorticity acting on the edges of the interface where the vortices

would form.
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Figure 3.4: Late time pseudo-colors for ω and Ξ for the magnetic orientation study.
The images are centered about y, respective to τ at y(τ ≈ 3) = 3.11 cm, y(τ ≈ 7) =
7.64 cm, and y(τ ≈ 15) = 15.55 cm.
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To quantify the energy in the vorticity enstrophy is used, calculated as shown in

Eq. 3.5. Enstrophy is typically integrated across the entire simulation domain, as the

enstrophy exists at the interface for a RM instability and thus must be an accurate

representation of the energy working to drive the instability. However, in MHD it

has been shown that the vorticity advects, leaving the interface without mixing. As

such, it is important to see what differences the area of integration can show for the

enstrophy. This can be illuminated by Fig. 3.5. In this figure, two enstrophy values

are plotted for M1.7B0, M1.7B‖50, and M1.7B⊥50. The first enstrophy value, the

local enstrophy, is denoted by the case name with a succeeding R. To calculate this

value, the integral in Eq. 3.5 is taken across the same reduced area shown in images,

a 5 cm by 5 cm square centered about the interface. The other quantity, labeled with

a T implies the traditional enstrophy taken across the entire domain.

Comparing the reduced area enstrophy between cases, it can be seen that M1.7B0

has the most enstrophy, which can be expected as the traditional RM instability

exhibits the most mixing and the highest vorticity. M1.7B‖50 has less enstrophy

in early time but this steadily increases until it reaches similar levels to M1.7B0.

Similar to the previous discussion, M1.7B⊥50 shows an overall net decrease through

time when compared to the other two cases. By late time the local enstrophy tends

to low levels as the vorticity is carried away from the interface. Since this is a large

reduction in local enstrophy it becomes necessary to consider the total enstrophy to

see if the difference between the cases is due to the reduced area or the MHD effects.

Here, it can be seen that the M1.7B0 and M1.7B‖50 cases have similar enstrophy

when compared to their reduced area values. In fact, it becomes difficult to see any

difference for M1.7B0 which is to be expected as there is no magnetic field to carry

the vorticity away. In the M1.7B⊥50 case some of the lost local enstrophy is recovered

by integrating across the entire domain, but a significant reduction in total enstrophy

77



is observed compared to M1.7B0 and M1.7B‖50. Both MHD RM instability cases

exhibit less total enstrophy than the RM instability suggesting that the MHD waves

cause vortex competition with the greatest effect in M1.7B⊥50 due to the normal

direction of the Alfven velocity.

The magnitudes of integral mixing measurements, such as mixedness and en-

strophy, are grid dependent and are difficult to achieve convergence with a limited

resolution [104]. Previous work using a similar ALE code has shown that a resolu-

tion of over 1400 zones/diameter is necessary for convergence of enstrophy in inviscid

simulations of a shock-cylinder problem like that presented here [105]. Despite this

requirement for high resolition simulations and experimental comparisons have shown

that even low resolution studies capture the morphology of the interface well and re-

produce the effect of changing the Atwood number [106]. In addition, 2D simulations

show similar results to 3D simulations for ealy time but they over predict vorticity

by approximately 10% at late times [107].

ε =

∫
−→ω−→ω dA (3.5)

In effort to explain why the interface mixing has differed from the traditional RM

instability in the MHD cases the vorticity has been studied. However, the movement

of the vorticity, highlighted by the reduced area enstrophy, can offer a complicated

story to consider. In an effort to capture the relationship between the species gradient

and vorticity, Ξ was used to give a qualitative metric at a single time in Fig. 3.4.

To try to quantify this over time a correlation coefficient was created to relate the

species gradient and vorticity as shown in Eq. 3.6. In this equation, the numerator

is similar to Ξ and is in fact the origin of this parameter.

The correlation coefficient relating the species gradient and vorticity, here out
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Figure 3.5: The total and reduced area (local) enstrophy for the M1.7B0, M1.7B⊥5,
and M1.7B‖5 cases.

referred to simply as the correlation coefficient, is plotted in Fig. 3.6. M1.7B0

exhibits the highest correlation between vorticity and the species gradient throughout

time. However, this correlation decreases with respect to time. This is due to the

nature of mixing, as vorticity acts on the interface it breaks down the species gradient

and thus tends towards a lower correlation. The correlation for M1.7B‖50 also shows

similar behavior to M1.7B0 although less correlated through time. As opposed to

mixing, the decrease of the correlation coefficient for M1.7B‖50 can be attributed to

the vorticity advection away from the interface. Here, the vorticity acts to elongate

the interface but doesn’t cause mixing every where. M1.7B⊥50 shows significantly less

correlation at late time than the other cases. This is due to the vorticity motion along

the magnetic field lines rather than mixing, which drops the correlation coefficient to

a value lower than 0.1.
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Figure 3.6: The correlation coefficient with respect to τ for the magnetic orientation
study.

CC =
〈|∇ΥP ||ω|〉√
〈|∇ΥP |2〉〈|ω|2〉

(3.6)

The following sections will only consider the species and vorticity pseudo-colors

qualitatively and the correlation coefficient and the mixedness plots quantitatively.

Through the observation of these parameters one can infer the others. For instance,

along with the knowledge presented in this section, one can infer the interaction

of the vorticity with the species gradient, Ξ, by observing the mixedness and the

vorticity field. If the mixedness increases and there is vorticity present at the interface,

then it would be expected Ξ would show the interaction of the species gradient and

the vorticity. The enstrophy in Fig. 3.5 was used to show that the energy in the

vorticity decreases in the presence of a magnetic field, and that one can quantify the

energy of the vorticity acting on the interface by considering a small area about the

interface. However, when considering the species psuedo-color and the mixedness, one

can infer the species gradient behavior through time. Thus, any differences between
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the mixedness and the correlation coefficient must be due to the behavior of the

vorticity, which can be shown via the vorticity psuedo-color.

3.2.2 Magnetic Field Strength

The previous section showed that both the presence of a magnetic field and the

orientation of said field effects the evolution of the MHD RM instability. Therefore,

it is of interest to vary the strength of the initialized magnetic field, which controls

the dispersion of the MHD waves via the Alfven velocity. Thus, this section includes

both the parallel and perpendicular magnetic configurations and varies them from

100, 250, and 500 G. Figure 3.7 shows species pseudo-color plots for the parallel field

configuration. It is expected that the weaker the magnetic field, the more similar

to the traditional RM instability the instability will be. The weaker magnetic fields

will remove vorticity from the interface at a slower rate allowing more time for the

baroclinic vorticity to cause mixing. It was previously shown that at early times

M1.7B‖50 was similar to M1.7B0 it follows that both M1.7B‖10 and M1.7B‖25 will

exhibit vortex-like features. In fact, at τ ≈ 3 these two cases look very similar to

M1.7B0. However, by mid-time the field strength effects become noticeable. Here,

M1.7B‖10 shows similar organization to the traditional RM instability but with a

much tighter interface and no spike-like structure emerging on the leading edge. This

organization continues through late time with tight vortices that have more pure

plasma species than the traditional case. Thus, while M1.7B‖10 is very similar to

M1.7B0 it still has reduced mixing.

M1.7B‖25 shows a similar instability to M1.7B‖50, mid-time tear drop like spikes

are developed. However, in M1.7B‖25 these spikes are on the inner leading edge. This

trend continues into late time with the elongation of these spikes and the preservation
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of the plasma species. That is, as the parallel magnetic field strength is increased,

the RM instability mixing is further decreased.

Tabling the discussion on the parallel field for a moment, consider Fig. 3.8. This

figure contains a similar study as Fig. 3.7 but for the perpendicular field. Similar

to the parallel field study, the early time weaker magnetic field cases show stronger

similarities to M1.7B0. That is, M1.7B⊥10 and M1.7B⊥25 both have clear vortex

features and a thin bubble front. However, with increasing magnetic field strength

the vortices are reduced in size and the bubble front is thickened. Unlike M1.7B‖10,

M1.7B⊥10 shows significant departure from the RM instability by mid-time. Here

M1.7B⊥10 shows flattened vortex structures connected by a diffusive bubble front,

a component which is negligible in M1.7B0. At late time, in M1.7B⊥10 the bubble

front prevails, albeit stretched and diffusive. The vortex structures have thinned as

mixing has worked to diffuse the plasma species, but the morphology and mixing is

significantly different even in the presence of this weak perpendicular magnetic field.

This evolution is as different from the traditional RM instability as the evolution in

M1.7B⊥50. However, instead of obvious suppression this interface appears very diffu-

sive and stretched. Qualitatively it is difficult to claim that M1.7B⊥10 is suppressed

compared to M1.7B0, although it is clearly effected by the magnetic field.

M1.7B⊥25 is more similar to M1.7B⊥50 exhibiting a strong bubble front at mid-

time. Unlike M1.7B⊥50 M1.7B⊥25 has significant curvature, which resembles the

mushroom shape in M1.7B⊥10. The vortices which were present at early time have

almost vanished, with thin finger-like structures shown peeling back at mid-time.

At late time these structures are gone and only a sharp point remains on either

side of the interface. At this time M1.7B⊥25 has a significant reduction in mixing

from M1.7B⊥10 though more curvature than M1.7B⊥50. While M1.7B⊥25 has not

inverted it’s leading and trailing edges, the finger-like structures which formed in
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Figure 3.7: Magnetic strength study; Pseudo-color of species for the parallel magnetic
field cases with respect to τ . The images are centered about y, respective to τ at
y(τ ≈ 3) = 3.11 cm, y(τ ≈ 7) = 7.64 cm, and y(τ ≈ 15) = 15.55 cm.
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place of vortices have seemingly been inverted. This is likely the same mechanism

that works to invert the interface in M1.7B⊥50, albeit weaker due to the weaker

magnetic field.

Figure 3.9 shows the mixedness for the magnetic field strength study. Similar to

the qualitative mixing in Figure 3.7, M1.7B‖10 shows the most similar mixedness to

M1.7B0. Both cases steady out around τ ≈ 7, however M1.7B‖10 shows a reduction

throughout time. Interestingly the 250 and 500 G fields exhibit similar mixedness

history for the parallel and perpendicular fields respectively. This indicates that

while increasing the strength of a magnetic field may change the morphology of the

species and vorticity fields, there may be a limit to its effect on mixing. That is,

the MHD waves are a function of the Alfven velocity, which in turn is a function

of the magnetic field strength. Despite any macroscopic changes to the interface,

the mixedness suggests that the maximum suppression, within the range of these

magnetic field strengths, can happen as low as 250 G for either field orientation with

no additional effect made apparent by doubling the magnetic field strength.

Perhaps the most interesting case in this section is M1.7B⊥10. Figure 3.8 shows

a significantly stretched interface throughout time. This is the only case in which a

thin bubble front connects to vortex features at late times. Qualitatively it’s difficult

to know if the regions where the plasma species fraction is more concentrated have a

greater area than other cases, but the mixedness seems to suggest that M1.7B⊥10 has

superior mixing even compared to the traditional RM instability. This is because the

vortex field is stretched and weakened by the magnetic field, stretching the interface

without breaking down the bubble front or organizing vortices fully. This creates

a larger mixing surface area, thus leading to greater mixedness, or a larger ratio

of mixing to entrainment. This condition may be temporary, as the bubble front

separates with time, leading to a mixedness more similar to the other cases at late
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Figure 3.8: Magnetic strength study; pseudo-color of species for the perpendicular
magnetic field cases with respect to τ . The images are centered about y, respective
to τ at y(τ ≈ 3) = 3.11 cm, y(τ ≈ 7) = 7.64 cm, and y(τ ≈ 15) = 15.55 cm.
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Figure 3.9: The mixedness for the magnetic strength study. Here B0 is included to
highlight the effects of the magnetic field.

times.

To understand the qualitative and quantitative mixing differences in figures 3.7,

3.8, and 3.9; the late time vorticity field is shown in Fig. 3.10. For both fields, the

organization of the vortex field increasingly breaks down with stronger field strengths.

As discussed earlier, this is because the vorticity is being carried away from the

interface along the magnetic field lines eventually causing vortex competition. For

the parallel cases, the vorticity field takes on a mushroom shape with strong organized

vortex cores. For M1.7B‖10 the magnetic field is weak enough that the majority of the

vorticity is not removed from the interface and thus causes RM instability mixing.

As the magnetic field strength increases, the vorticity advects further away from

the interface. In M1.7B‖25 the organized vorticity seems to form more sheet-like

structures and is pushed into the stem region causing the inner teardrop like spikes

to form. This vorticity is moved further away in M1.7B‖50. Evidence of the inner

spike can be seen more clearly here, however as the vorticity is pushed away further
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Figure 3.10: Late time vorticity field for the magnetic strength study. The images
are centered about y(τ ≈ 15) = 15.55 cm.

to the outside of the interface, the outer leading-edge spike is more prevalent.

The mushroom shape of the vorticity field, noticeable in the parallel cases, is also

apparent in the weak perpendicular cases. For M1.7B⊥10 the field is very similar

to M1.7B‖10. However, here the vorticity movement is clearly more normal to the

direction causing the vorticity to create a large diffusive interface which may indicate

more mixing. The vorticity is also less organized with more visible layers. Comparing

these two cases, it is also noticeable that M1.7B⊥10 has more positive and negative

vorticity interaction than in M1.7B‖10, which has more organized strong positive

vorticity on the left-hand side and negative on the right. In M1.7B⊥25 the mush-

room shape vorticity field becomes stunted in the direction of shock transit, with the
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vorticity being pushed to the side by the perpendicular magnetic field. Here, more

negative vorticity can be seen on the left, while stronger positive vorticity is apparent

on the right having already alternated sides due to the traverse MHD waves. In this

case a complex interaction of positive and negative vorticity can be seen near the

bottom side of the interface. Earlier in time, these spike structures appeared like

roll-ups which eventually took finger-like shapes at mid-time (see τ ≈ 7 Fig. 3.8) and

have disappeared by late time. It’s likely this vortex interaction is responsible for the

apparent reduction in organization of this structure, and that this same interaction

is responsible for the late time inversion of the M1.7B⊥50 case.

The correlation coefficient for the magnetic field study is presented in Fig. 3.11.

Similarly to what was observed in Fig. 3.9, M1.7B⊥10 has a higher correlation due

to the stretched species and vorticity fields. That is, the species gradient acts over a

larger area and at a greater magnitude than M1.7B0, driving up both mixedness and

the correlation between the fields. Aside from M1.7B⊥10, it might be expected that

M1.7B0 is the most correlated considering the absence of MHD effects. However,

the correlation coefficient is dependent upon the magnitude of vorticity acting on the

magnitude of the species gradient. Therefore, if a case were to exceed the correlation

of the traditional RM instability it would need either greater vorticity at the interface

or a larger, longer lasting species gradient. It has been shown explicitly that in the

presence of a magnetic field the vorticity moves away from the interface in Section

3.2.1, and Fig. 3.10 shows that even a weak magnetic field can affect the vortex field.

Therefore, the increased correlation in M1.7B⊥10 is due to the larger interface with

steep species gradients.

M1.7B‖10 and M1.7B‖25 have a similar correlation to M1.7B0. This is easy

to explain for M1.7B‖10, which is the most similar case to M1.7B0, both through

qualitative mixing and in its vortex field. M1.7B‖25 gets its large correlation then
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Figure 3.11: The correlation coefficient, given as Eq. 3.6, for the magnetic strength
study

from its species gradient. Figure 3.8 shows a relatively unmixed stretched interface,

with a large gradient of species in the inner leading-edge spikes. Looking at Fig. 3.10

the majority of the strong vorticity acting on the interface acts on this region, causing

the mixedness seen in Fig. 3.9. Thus, the large correlation coefficient is due to the

interaction of this large gradient with its vorticity, whereas the correlation coefficient

for M1.7B0 is due to the large vorticity acting on the species gradient. The remaining

cases act as one may predict. That is, neglecting M1.7B⊥10, as the magnetic field

strength is increased the correlation coefficient is decreased, and the perpendicular

field cases exhibit less correlation than their parallel field counterparts.
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3.2.3 Incident Shock Wave Strength

In the previous section the magnetic field strengths and orientations were varied for

the cylindrical MHD RM instability with M = 1.66. This Mach number provides

the pressure gradient necessary to deposit baroclinic vorticity. It is common to vary

the Mach number in literature to understand how an interface might evolve due to

different impulsive accelerations. This is important as Richtmyer’s linear model says

that the amplitude growth of the RM instability is proportional to the shock jump

velocity [9], thus increasing the Mach number leads to a stronger instability. In

addition to creating a stronger instability, the Mach number also determines post-

shock conditions that influence the evolution of the interface (e.g. density). In the

MHD RM instability, the density also effect the MHD wave velocities. Thus, two

additional Mach numbers will be studied here; M = 1.2 and M = 2.2. These Mach

numbers were selected for their incremental increase in the shock jump velocity by

≈ 200 ms−1. This study is different from those presented in Sections 3.2.1 and 3.2.2 as

it is not a study on MHD parameters alone, but rather on a traditional hydrodynamic

variable which has MHD consequences. Both the classic RM instability, B = 0, and

a perpendicular magnetic field of 500 gauss, B = B⊥ = 500 G, will be presented for

each Mach number. The perpendicular magnetic field was selected as it shows the

greatest difference from the RM instability case.

Figure 3.12 shows the species and the vorticity pseudo-colors at late time, τ ≈ 15.

The traditional RM instability cases, shown in the top row of Fig. 3.12, exhibit

classic RM instability behavior which has been described in other works. Therefore,

for brevity it will only be said that with increasing Mach number more baroclinic

vorticity is deposited on the interface driving mixing at a faster rate. Hence M2.2B0

evolves faster and exhibits more mixing and stronger vorticity than either M1.7B0 or
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M1.2B0. The cases all share similar organization in the species and vorticity fields.

Moving on to consider the MHD RM instability, the magnetic field cases are shown

in the second row of Fig. 3.12. At late time M1.2B⊥50 shows a large very round

interface with almost no mixing. Here, the interface has been slightly compressed but

otherwise undisturbed. Its organization is very similar to the initial conditions (Fig.

3.1) with a thick, clear, and unmixed diffusion layer. Looking at its vortex field, one

can see almost no vorticity near the surface of the interface, and indeed what vorticity

is present in this image is low enough to be incomparable when considering the magni-

tude of vorticity in M1.2B0. As the Mach number increases the MHD RM instability

interfaces exhibit greater compression. In addition to this compression it appears as

though the greater Mach number also leads to more mixing of the diffusion layer. For

example, when considering M1.7B⊥50, the interface shows more compression than

its low Mach number neighbor. The high Mach number case, M2.2B⊥50 shows a

highly compressed interface with significantly less mixing and no resemblance to its

magnetic field free counter-part, M2.2B0. The vorticity field of both these cases is

similar in that they exhibit negative and positive layers of vorticity on the left and

right sides of the interface respectively and neither case appears to have any vorticity

active on the interface.

To understand how this has occurred, one should remember the mechanisms which

work to remove vorticity are a function of the Alfven velocity. While the magnetic

field in these cases is initialized at 500 G, the Alfven velocity also has the density of

the species in the denominator. Thus, there are two effects to consider for a larger

Mach number. First off, the post shock density is proportional to the Mach number

while the Alfven velocity is inversely proportional to the density. Since the magnetic

field is also a function of the density of the perfect conductor, (Eq. 1.20), the Alfven

velocity then goes as ≈ ρ1/2, meaning that VA then increases with increasing Mach
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Figure 3.12: The late time species and vorticity plots for the incident shock wave
strength study. The species pseudo-colors are all on the same scale shown on the
right of the image while the vortices are Mach number specific and shown below each
group. The images are centered about y, respective to M at y(M = 1.2) = 7.60 cm,
y(M = 1.7) = 15.55 cm, and y(M = 2.2) = 19.40 cm.
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number. Of course the higher Mach number will also deposit a higher vorticity at

the interface. Thus, higher Mach number cases will have stronger vorticity deposition

that acts on the interface for a shorter amount of time.

Figure 3.13 shows the mixedness for the Mach number study. The non-magnetic

cases (black lines) show greater mixing with increasing Mach number as expected

for the RM instability. However, in the presence of a magnetic field the higher Mach

numbers exhibit lower mixedness. It was observed thatM2.2B⊥50 is more compressed

and exhibits a smaller diffusion layer than the other cases. Again, the mixedness is

the ratio of mixing to entrainment. The area of entrainment between the MHD RM

instability cases is similar but as the stronger Mach number cases have greater Alfven

velocity there is less time for the vorticity to act on them and cause mixing. This,

paired with a smaller diffusion layer, leads to a reduced mixing width which in turn

leads to less mixedness. Therefore, despite the observed interface compression in Fig.

3.12, M2.2B⊥50 exhibits less mixedness than M1.7B⊥50 which in turn exhibits less

then M1.2B⊥50.

Finally, Fig. 3.14 shows the correlation coefficient for the Mach number study.

Considering only the traditional RM instability cases, it is expected that the higher

the Mach number the lower the correlation due to mixing driving the species gradient

to zero. This can be seen in Fig. 3.14, where M1.2B0 has the highest correlation

coefficient and M2.2B0 has the lowest of the classic RM instability cases. For the

MHD RM instability cases a increasing correlation is observed with increasing Mach

number and the M1.2B⊥50 shows the smallest correlation, for all cases, at late time.

From the qualitative evidence this makes sense, the vorticity deposited is simply

too weak to cause mixing and doesn’t remain near the interface thus driving the

correlation coefficient down.

M2.2B⊥5 exhibits the greatest correlation of the MHD RM instability cases. This
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Figure 3.13: The mixedness for the incident shock wave study. Small dash lines
indicate M = 1.22, solid lines indicate M = 1.66, and large dash lines indicate
M = 2.2; while black represents cases without a magnetic field and blue represents
cases with a perpendicular magnetic field of 500 G.

is due to the large magnitude of vorticity deposited at the interface. The vorticity is

advected via the MHD waves but acts over a larger area and at a greater magnitude

everywhere than its weaker Mach number counterparts. Therefore, while stronger

baroclinic vorticity is able to further compress the interface, it is also advected quicker

over a greater area and at a higher magnitude. This can be seen by looking at the

vortex fields for the MHD RM instability cases in Fig. 3.12. M2.2B⊥50 exhibits

the largest vortex field at the highest magnitude despite its higher vortex advection.

Similarly, the vortex field in M1.7B⊥50 covers a larger area at a stronger magnitude

than M.12B⊥50 but is still weaker than M2.2B⊥50. Thus, despite there being little

to no vorticity acting on the interface in any of the MHD RM instability cases, there

is increasingly more with higher Mach numbers leading to an increased correlation

coefficient. However, each of the MHD RM instability cases exhibit far less correlation
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Figure 3.14: The correlation coefficients for the incident shock wave study. Small
dash lines indicate M = 1.22, solid lines indicate M = 1.66, and large dash lines
indicate M = 2.2; while black represents cases without a magnetic field and blue
represents cases with a perpendicular magnetic field of 500 G.

than their classic RM instability counterparts.

3.3 Conclusions

This chapter studied the cylindrical MHD RM instability by varying the magnetic

field orientation, magnetic field strength, and the incident shock wave Mach number

(acceleration strength). The cylindrical interface was selected as its evolution is in-

dependent of the orientation of either the shock wave or the magnetic field direction.

Instead, the evolution depends only on the orientation of the shock transit direction

relative to the magnetic field. The magnetic field parameters were selected to explore

their effects on vorticity advection caused by MHD waves, while the Mach number

was selected to explore how increasing baroclinic vorticity deposition may effect the
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growth of the MHD RM instability. It was shown that interface mixing is a function

of the amount of vorticity deposition, the rate at which vorticity is advected, and

the advection direction via Alfven waves. This leads to a rich parameter space where

some counterintuitive results are found in mixing measures. To understand the pa-

rameter space the simulations were observed qualitatively via species and vorticity

fields and quantitatively through mixedness, enstrophy, and the correlation coefficient

of the vorticity and species gradient. It was found that in general the presence of the

magnetic field suppresses RM instability-like evolution by the advection of vorticity,

with a stronger field, and preferential field orientation resulting in greater suppression.

Overall, it was shown that interface mixing is a function of the amount of vorticity

deposition, the rate at which it is advected, and the direction it is advected by Alfven

waves.

Expanding upon results found in literature, it was shown here that the presence

of either a perpendicular or parallel magnetic field in the MHD RM instability sup-

presses RM instability evolution; with a perpendicular magnetic field showing less

mixedness and significantly reduced RM instability morphology compared its parallel

field counterpart. This is because in the presence of a magnetic field the whole of

the deposited baroclinic vorticity, which drives the evolution in the RM instability,

no longer remains on the density gradient. This interaction, shown by the species-

gradient-vorticity correlation, can be seen to be significantly reduced for the MHD

RM instability cases when compared to the traditional RM instability. The differ-

ences in field orientation are further highlighted by the vorticity field and enstrophy.

The vorticity is stretched significantly in the direction of the magnetic field, hence

the parallel field stretches the vorticity along the shock wave direction. Enstrophy

versus time curves, for all enstrophy and enstrophy only near the interface show that

both orientations result in lower total enstrophy but that the perpendicular orienta-
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tion has much lower enstrophy near the interface. Furthermore, vorticity is able to

traverse the interface rapidly in the perpendicular field orientation, allowing positive

and negative vorticity from opposite sides of the interface to interact and compete,

diminishing the enstrophy.

As the magnetic fields are the driving mechanism for the vorticity transport it

follows then that as the magnetic field strength increases so does the suppression of

the RM instability evolution. However, by examining magnetic fields of 100, 250, and

500 G in both orientations two nonobvious effects were observed. First, there appears

to be some limit to the effectiveness of the magnetic field on mixing. That is, for both

field orientations increasing the magnetic field from 250 to 500 G did not significantly

affect the mixedness. However, the vorticity and species fields displayed differences

in morphology. Secondly, a competing effect was observed for the perpendicular

field of 100 G. Here the magnetic field was unable to remove the vorticity from the

interface but instead moved it in such a way as to cause significant morphological

differences. This interface appears much more diffusive and exhibits higher mixedness

and correlation than any other case with M = 1.66. This implies that while strong

fields have been shown to suppress the RM instability there may be a regime where

magnetic fields can be used to redistribute vorticity through an interface and increase

mixing. This effect is likely unique to the perpendicular orientation and the cylindrical

interface.

While the magnetic fields drive the MHD effects, the mach number drives the

hydrodynamics and exploring the initial Mach number in this work revealed another

competing effect. Its known that for the RM instability, an increasing Mach number

leads to increased interface mixing due to the increased baroclinic vorticity deposition.

However, the opposite was observed for the MHD RM instability. Qualitatively,

the higher Mach number cases further compressed the interface in the MHD RM
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instability. However, this actively drove down mixedness by compressing the diffusion

layer, the area where mixing could occur. While the stronger deposited vorticity

worked to compress the interface it was advected away by higher Alfven velocities,

due to the higher post-shock density. Despite this, it was also shown that the stronger

vorticity deposition resulted in a more correlated but unmixed interface. Thus the

higher Mach number cases exhibited less mixedness and higher vortex advection in

MHD.

This work has shown that interface mixing is a function of the amount of vorticity

deposition, the rate at which it is advected, and the direction it is advected by Alfven

waves. This leads to a rich parameter space where some counterintuitive results are

found in mixing measures. Further simulations are planned to explore these results

further and study the MHD RM instability with extended MHD effects, resistivity,

two-fluid modeling, and in 3D. The authors of this paper are also planning to inves-

tigate the parameters shown within this work through experiments planned at the

University of Missouri Fluid Mixing and Shock Tube Laboratory.
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Chapter 4

3D Simulations of the Cylindrical
Magnetohydrodynamic
Richtmyer-Meskhov Instability

This chapter presents 3D simulations on a cylindrical Richtmyer-Meshkov Instability

in Magnetohydrodynamics. Here a study of the effects of the orientation magnetic

field relative to the shock wave transit direction is presented in an effort to quantify

and qualify the evolution of the cylindrical MHD RM instability. The orientations

considered herein are either parallel or perpendicular to the shock wave motion and

are considered with a magnetic field strength of 500 gauss (G). The driving Mach

number is initialized at M = 1.66. These parameters were selected to be easily

achievable in experiments while the interface perturbation was selected such that

its evolution is independent of either the shock wave or magnetic field orientations

independently. It was found that the MHD RM instability evolution is dependent

upon the magnetic field orientation relative to the shock transit direction. This is

because the mechanism of suppression, attributed to Alfven waves, is a function of

the magnetic field strength and the orientation of the magnetic field. This chapter
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expands upon the previous chapter by adapting the 2D cylinder into 3D. This is

motivated by the future experiments, which will be on an atmospheric plasma cylinder

and may exhibit some 3D effects.

4.1 Computational Enviroment: Ares

The 3D simulations presented in this chapter were performed using the hydrocode

Ares. Ares is a multi-material multi-physics hydrodynamics code developed at Lawrence

Livermore National Laboratory (LLNL). Ares allows for Arbitrary Lagrangian Eu-

lerian (ALE) calculations. This method utilizes a deformable Eulerian grid, similar

to a Lagrangian scheme, which is then remapped back to the Eulerian grid [108].

This allows for superior interface tracking and momentum calculations when com-

pared to purely Eulerian computations, and improved stability and efficiency over

purely Lagrangian calculations [109]. Ares is fully second order in space and utilizes

a second-order predictor-corrector in time [110]. This code also utilizes a staggered

grid, so that the velocities are defined at the mesh nodes while fluid properties, such

as density, are stored at the zone centers.

For increased efficiency and reduced computational time, Ares utlilizes Adaptive

Mesh Refinement (AMR). This allows the user to refine/derefine the mesh about

some local gradient to increase nodes in areas of greater interest and decrease nodes

where the physics are of lesser interest. This mesh refinement is applied during the

remapping from the Lagrangian time step to the Eulerian grid. The simulations in this

chapter refine the mesh about the shock wave to prevent additional entropy waves

from being generated due to the numeric scheme as well as around the interface

to capture hydrodynamic growth, accoustic effects, and MHD waves. The areas

upsteam and downstream of the interface and shock wave were held at the lowest
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Table 4.1: 3D Simulation Domain and Mesh
X(cm) 0< X <300
Y (cm) -10< Y <10
Z(cm) 0< Z <5
AMR Levels 5
dx (Level=0) (cm) 1.33
dx (Level=5) (µ m) 165

level of refinement. The lowest refined mesh size is 1.333 cm and at the highest

level is approximately 165 µm in X. Table 4.1 below shows the domain size, max

levels of refinement, and mesh size at levels 0 and 5. The interface, held at the highest

resolution, is 2 cm in diameter and 5 cm in height. Therefore there are approximately

98 nodes per diameter (X-Y) at each Z and approximately 340 nodes in X-Z. At first

glance this may seem like a moderate resolution, but since these simulations were run

in 3D with AMR they took approximately 21,600 cpu hours to run without MHD

this resolution was deemed acceptable.

Ares utilizes the ideal MHD equations, shown in the Introduction as Eqs. 1.17

through 1.15 and utilizes a Poisson solver for divergence control. In addition to

treating the materials as perfect conductors, in this work Ares treats all fluids as

ideal gases, gamma law equation of state shown as Eq. 1.9. While Ares has resistivity

capabilities, this work does not consider two fluid MHD, resistivity, or Hall effects.

Ares also can implement viscosity, diffusivity, and subgrid scale turbulence models

though none of these models were turned on for this work.

4.1.1 Simulation Parameters and Initial Conditions

The simulation parameters for all cases are given in Table 4.2. All simulations consider

a cylindrical interface of perfectly conducting nitrogen gas initialized at Tp = 2500
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Table 4.2: Initial Conditions for 3D Cylindrical Simulations
B B‖ B⊥

B (G) 0 500 500
β - 100 100
P0 (Pa) 101,325
T1 (K) 300
T2 (K) 2500
ρair(kgm

−3) 1.12
ρN2(kgm

−3) 0.136
A 0.79
M 1.66
Di (cm) 2

K, with a diameter of 2 cm and a height of 5 cm. The interface bulk temperature

was selected in regards to the process of ionizing nitrogen at atmospheric conditions.

The interface is surrounded by air at 300 K, the unshocked region is initialized at

standard atmospheric pressure.

Figure 4.1 shows the initial conditions common to all 3D simulations. Figure 4.1

A) shows contours of the interface and the shock wave. Here the interface cylinder is

annotated for size and represented by a red contour. The shock wave is represented

by a black planar contour in Y-Z and annotated to show it travels in X. On the

left, Figures 4.1 B) and C) show mid-plane annotated pseudo-colors of plasma mass

fraction (species 2 per the Atwood number definition) given as ΥP in X-Y and X-Z

respectively. Here the shock wave is represented by a planar black line. A diffuse

interface was chosen to due to the large temperature difference between the interface

and its surroundings.

These slices show the interface at time t = 0 and are centered around the interface,

this scheme will be used repeatedly throughout this work. Future slices will focus on

a 6 cm by 6 cm area centered on the interface, while this will neglect to show the

boundaries of the simulation it will allow for better viewing on the evolution of the
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Figure 4.1: Initial conditions for all 3D simulations presented in Chapter 4. A)
Contour plot with the cylindrical interface (red) and the shock wave (black) annotated
for size and magnitude, here it can be seen that the shock wave travels in X B) X-Y
2D pseudo-color slice for species C) X-Z 2D pseudo-color slice for species, in both of
B) and C) the shock wave is represented by a black line
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RM instability and the MHD effects. The full domain is 300 cm by 200 cm by 5 cm

in X-Y-Z with reflecting boundary conditions at all boundaries. This means that all

X-Y midplane slices shown below are sliced at Z = 2.5 cm. All images are visualized

using the computational post-processing software VisIt. VisIt is supported by the

Department of Energy with funding from the Advanced Simulation and Computing

Program and the Scientific Discovery through Advanced Computing Program[111].

To investigate the effects of the magnetic field on the MHD RM instability three

simulations are presented. The traditional RM instability, B = 0 is compared to

cases with a perpendicular, B = B⊥, or parallel magnetic field, B = B‖, of 500

Gauss (G). These cases all share M = 1.66, a Mach number realizable within the

Missouri Shock Tube [84], and A = 0.79. The magnetic field strength of 500 G was

selected as it has shown significant suppression in the shock-bubble problem in MHD

[3] and is relatively easy to achieve within experiments. For simplicity the cases will

be referred to by the magnetic field orientation. Hence, the traditional RM will be

called B0 while the magnetic field in X and Y will be B‖ and B⊥ respectively.

4.2 Results

For a traditional cylindrical RM instability with these initial conditions, M1.7B0,

significant RM instability development occurs as early as t = 0.5 ms post shock. As

such the following results will be taken out to tps = 500 µs. where the subscript ps

represents post shock. The evolution of all three simulations are shown below in Fig.

4.2. Here, contours of the interface are shown at tps = 100, 250, and 500 µs. The

first column shows both the mid-plane species pseudo-color and the evolution of the

contour for the traditional RM instability. At early time a small bubble front can be

seen while two large roll-up structures form and store the majority of the species mass
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fraction. This bubble front is below the minimum threshold for the contour, which

was selected to be greater than 25% mass fraction. These roll up structures continue

to mix as the bubble front vanishes by mid-time. Here the interface contour appears

as two circular objects. At late time the contour is mostly round and appears to be

shrinking in diameter. This can be seen to be due to mixing in the pseudo-color as

the species is being further mixed.

The magnetic cases exhibit additional behavior in the contour plots. The species

mass fraction pseudo-colors are not presented in this figure, however considering the

RM pseudo-color the contours can give good insight into the evolution of these MHD

RM instabilities. In addition to visualizing the interface, Alfven waves are also shown

as semi-transparent black contours. It was mentioned previously that the mechanism

of suppression is the Alfven waves, which propogate along the magnetic field lines

and work to remove vorticity from the interface. These contours represent a small

fraction of the actual Alfven waves and are shown here to indicate their effects and

growth — they are not meant to show the effects in totality.

The B‖ case shows a thick bubble front at early time, already deviating from the

RM case. Alfven waves can be seen around the interface perimeter. These waves have

grown by mid-time moving away and through the interface. They are significantly

stretched in the direction of shock transit, or along the parallel magnetic field. At

this time, the interface has formed roll-up features, having mixed the bubble front.

At late time the roll-ups have been considerably stretched when compared to the RM

interface.

Like B‖, the B⊥ case shows a bubble front at early time. Unlike the other two

cases however, there appears to be no notable rollup features at this time. At mid-

time the interface shows suppression and maintains a thick bubble morphology, more

similar to a compressed circle than a RM instability. Here the Alfven waves seem
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Figure 4.2: Contour plots for the interfacial evolution of B0, B‖, and B⊥ cases, where
a red surface is meant to represent the 5% species contour. The mid-plane species
pseudo-color is included for B0 as reference. Both the magnetic field cases show
representative contours for Alfven waves, shown as semi-transparent black surfaces

to be moving outward laterally from the interface, again mostly following the now

perpendicular magnetic field. At late time the interface contour has inverted, not yet

forming roll-ups or exhibiting notable RM growth.

It was mentioned in the introduction that the RM is responsible for undesirable

mixing in HED applications. This can be viewed, not only as the mixing of one

species into its surrounding, but also the breakdown of the temperature gradient.

As such, the mid-plane temperature pseudo-colors are shown for each case in Fig.

4.3. This variable was selected as it closely follows the species behavior (see the

species pseudo-color for B0 in figures 4.2 and 4.3) but also because it is desirable

in some applications to reduce the amount of mixing to preserve high temperatures.

Here the early discussion for the contours can be clearly seen again. B0 exhibits

the formation of roll-ups at early time which work to break down the temperature
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(and therefore species) through mixing with the surrounding air. By mid-time the

bubble front is mixed, and by late time the majority of the hot gas is mixed and

lowered in temperature. B‖ shows similar results but maintains a small bubble front

at tps = 250 µs. At this time the roll-up features dominate the growth, but do not

appear to actually be mixing. By late-time these features are significantly stretched

in the direction of the magnetic field, but still maintain two hot spots.

B⊥ shows the most significant deviation from the other cases. At early time the

thick bubble front is evident, and no roll-up features can be seen. At mid time the

interface has become thicker, but the majority of the hot gas is still unmixed. No roll

up features are evident. By late time the interface has inverted itself. Considering

the Alfven contours shown in Fig. 4.2, it’s likely this is because the Alfven waves

have traveled through the interface along the magnetic field lines carrying vorticity

of alternating signs and inverting the interface. However, despite its inversion there

is significantly less qualitative mixing in this case than in the other cases.

The mechanism of mixing in the RM instability is the vorticity deposited by the

interaction between the misaligned pressure and density gradients. To understand

how the vorticity, Eq. 4.1, is affected by MHD effects, pseudo-colors at various heights

in Z have been plotted below in figures 4.4-4.6. Figure 4.4 shows the vorticity fields for

B0. There appears to be little 3D effects as the vorticity fields are relatively similar

at all time across each height. This follows logically from the contour plots shown

earlier, which didn’t appear to have any significant 3D formations. This is idealized

in simulation space, as most experiments may have some small 3D perturbations

which will grow during the instability. Aside from the uniformity in Z, this figure

also shows the expected RM vortex organization. The vortex cores are strongly

positive/negative, and remain tight and relatively high magnitude through late time.

These vortex cores work to break down the interface and mix with the surrounding
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Figure 4.3: Mid-plane (Z=2.5 cm) Pseudo-color for temperature with respect to post
shock time
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Figure 4.4: 2D vorticity pseudo-colors at various Z planes for B0

air.

−→ω = ∇×−→u (4.1)

Similar to the vorticity field in Fig. 4.4 the vorticity field for B‖, Fig. 4.5 is

relatively consistent in Z. It also has very similar structure to the traditional RM

instability through time. However, even at early time some differences can be seen.

B0 has strong central cores visible at tps = 100 µs, however at this time B‖ already

exhibits a stretched vortex core with little to no visible central vorticity. By mid-time
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Figure 4.5: 2D vorticity pseudo-colors at various Z planes for B‖

the vorticity field has been stretched until late time some interaction has occured

between the positive and negative vortex tails. These tails, and their interactions,

form due to the Alfven stretching of the vorticity field. However, since the majority of

the Alfven effects are parallel to the shock transit direction the general organization

of the vorticity is the same as B0.

As can be expected from the previous figures, B⊥ exhibits significant evolution

differences from either of the previous cases. Even at early time no vortex cores

have formed, instead strong alternating vorticity sheets dominate the vorticity field.

As these sheets are stretched along the magnetic field lines, their magnitudes rapidly
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decrease. This is because the interaction of equal strength alternating vorticity sheets

works to drive the field to zero vorticity. It can also be seen that unlike the previous

two cases, the dominant vorticity has been flipped. That is to say, what would be

a vortex core on the left side (at early time) is the opposite sign for this case when

compared to the previous two cases. This is likely due to the Alfven waves moving

the vorticity through the interface and stretching the field perpendicularly relative to

the shock transit direction. The interaction between the alternating signs and how

the field is stretched due to MHD effects is also responsible for the inversion of the

interface at late time (see contour and temperature pseudo-color in figures 4.2 and

4.3 respectively).

Enstrophy, Eq. 4.2, is used to quantify the energy in the vorticity. Presented in

Fig. 4.7, enstrophy is integrated across the entire simulation domain to capture the

vortical energy in the X-Y, X-Z, and Y-Z planes. This figure represents the enstrophy

for B0, B‖, and B⊥ with black, red, and blue lines respectively. Calculating the total

enstrophy across the total domain also serves to capture any vorticity that might

have been removed from the interface due to the MHD waves. Since the MHD effects

are dependent upon the vorticity, or any perturbation across the density interface

across the magnetic field lines (Eq. 1.14), it is expected that the baroclinic vorticity

is the same between all three simulations. Indeed this initial deposition can be seen

to be similar between the cases and occurs just before tps = 0. However, after this

B0 shows a increase in enstrophy. This case exhibits greater enstrophy through time,

which follows as its vortex fields show greater organization and greater magnitude.

ε =

∫
−→ω−→ω dA (4.2)

B⊥ generally exhibits the lowest enstrophy though time, as the alternative vortic-
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Figure 4.6: 2D vorticity pseudo-colors at various Z planes for B⊥
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Figure 4.7: The total enstophy calculated across the entire domain for B0 (Black),
B‖ (Red), and B⊥ (Blue)
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Figure 4.8: The total enstophy (solid), enstrophy in X (dash-dot), enstrophy in Y
(small dash), and the enstrophy in Z (large dash) calculated across the entire domain
for B0 (Black) and B⊥ (Blue)

ity sheets are forced to interact along the perpendicular field lines and the competition

causes some vortex annihilation. There is a small enstrophy peak around 100 µs, sim-

ilar to the peak in enstrophy for B0 at 50 µs, this is due to the interaction of vorticity

with the interface generating secondary baroclinic depositon. B‖ has a similar bump

to B0 at tps = 100 and then again at tps ≈ 350 µs. The late increase in enstrophy is

likely due to the vorticity responsible for the interface stretching that occurs to drive

the interface from the morphology visible at tps = 250 to tps = 500 µs.

While there appeared to be little variation in the interface growth in Z when

comparing the contours and the pseudo-colors, it may be of interest to see what

contributions the vorticity in X and Y have to the total enstrophy. As such, Fig. 4.8

shows the total enstrophy (solid line) as well as the X (dash-dot), Y (small dash),
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and the Z (large dash) contributions for B0 and B⊥. The left axis is the same as Fig

4.7, whereas the right axis represents the ε in the X and Y planes. For clarity, B‖

was neglected, however it shows the same trends as B⊥. As expected, the majority

contribution to the total enstrophy is the Z-component. This makes sense as the

majority of RM growth can be seen in the X-Y planes, meaning it’s ωZ driven.

For B0 the X and Y components maintain relatively little contribution to the total

enstrophy, however B⊥ exibits a late time increase εX and εY . While these increases

may seem significant they are still three orders of magntiude below εZ .

In effort to explain why the interface mixing has differed from the traditional RM

instability in the MHD cases the vorticity and enstrophy have been studied. However,

vortex advection and stretching as well as the secondary spikes in enstrophy can

complicate the argument that the RM is suppressed quantitatively. In an effort to

capture how the vorticity affects the species gradient, or causes mixing, a correlation

coefficient was created to relate the species gradient and vorticity as shown in Eq.

4.3.

CC =
〈|∇ΥP ||ω|〉√
〈|∇ΥP |2〉〈|ω|2〉

(4.3)

The correlation coefficient relating the species gradient and vorticity, referred to

simply as the correlation coefficient, is plotted in Fig. 4.9. Without consideration

this shows a slightly concerning story. At face value, it may appear that B‖ exhibits

greater interaction between vorticity and the species gradient at late time than B0.

However, its more accurate to say that the vorticity in B0 remains relatively constant

and works to break down the species gradient driving a lower, but more consistent,

correlation. At late times an increase in enstrophy is visible in B‖, Fig. 4.7. This

increase in enstrophy, and therefore vorticity, is a secondary interaction when the
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stretched field works on a significantly stronger species gradient, when compared to

the gradient at this time in B0. So while B0 has superior vorticity and qualitative

mixing, the species gradient is stronger in B‖ driving up the late time correlation.

Similarly B⊥ shows significant correlation early time, which rapidly decreases and

remains lower than the other cases. This is again the interaction of the vorticity as it

moves through the species gradient. So while B‖ is driven to greater correlation at late

time, B⊥ is driven to lower correlation at late time all due to the Alfven waves moving

the vorticity along the field lines. This metric has been used as a metric of mixing

[3], its potentially more accurate to say its a metric of when mixing is occuring. Since

the correlation is steady throughout time, B0 experiences more mixing throughout

the simulations. B⊥ experiences more mixing in early time, causing the half-moon

like shape but never has its species gradient truly mixed with its surroundings hence

the ever decreasing correlation. Meanwhile, B‖ experiences some roll-up formation

and some early time mixing, and then again experiences late time mixing – streching

the interface and forming two cores, Fig. 4.3.

4.3 Conclusions

This work studied the 3D cylindrical MHD RM instability by varying the magnetic

field orientation relative to the shock transit direction. The cylindrical interface was

selected as its evolution is independent of the orientation of either the shock wave or

the magnetic field direction. Instead, the evolution depends only on the orientation of

the shock transit direction relative to the magnetic field. It was shown that interface

evolution is a function of the amount of enstrophy, the growth of the vorticity field,

and the advection direction via Alfven waves. This leads to a rich parameter space

where some counterintuitive results are found in mixing measures. To understand
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Figure 4.9: The correlation coefficient, indicative of when mixing occurs and the
scales of mixing, for B0 (Black), B‖, and B⊥

117



the parameter space the simulations were observed qualitatively via species contours,

as well as temperature and vorticity fields and quantitatively through enstrophy and

the correlation coefficient of the vorticity and species gradient. It was found that

in general the presence of the magnetic field suppresses RM instability-like evolution

by the advection of vorticity with a preferential field orientation resulting in greater

suppression.

Expanding upon results found in the literature, it was shown here that the pres-

ence of either a perpendicular or parallel magnetic field in the MHD RM instability

suppresses RM instability evolution; with a perpendicular magnetic field showing less

correlation and significantly reduced RM instability morphology compared its parallel

field counterpart. This is because in the presence of a magnetic field the whole of

the deposited baroclinic vorticity, which drives the evolution in the RM instability,

no longer remains on the density gradient. The differences in field orientation are

further highlighted by the vorticity field and enstrophy. The vorticity is stretched

significantly in the direction of the magnetic field, hence the parallel field stretches

the vorticity along the shock wave direction. Enstrophy versus time curves, for total

enstrophy and the enstrophy components show that the MHD cases result in lower

total enstrophy. Furthermore, vorticity is able to traverse the interface rapidly in the

perpendicular field orientation, allowing positive and negative vorticity from opposite

sides of the interface to interact and compete, diminishing the enstrophy.

4.3.1 Future Resistivity Work

While this 3D study is informative, the simulations here are considered as ideal. To

better serve experimentalists it may be beneficial to utilize the resistive capabilities

of Ares. Unfortuately, as of now these simulations are computationally prohibitive.
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To understand if resistivity is necessary, the relevent physics question is “What is the

magnetic diffusion time relative to the accoustic time scale for the perturbation?”[112]

If the diffusion time is longer then resistivity can be ignored and ideal MHD will ac-

curately capture the evolution. If the diffusion time is much shorter however, the

magnetic field will diffuse quickly and the resistive simulations will trend towards the

traditional RM. It’s in between these extremes, where the accoustic and magneto-

hydrodynamic time scales are comparable, that the resistive calculations may yield

interesting results. If one calculates the magnetic field diffusion coefficient, D as Eq.

4.4, where µ is the permeability and σ is the plasma conductivity, then one can esti-

mate the magnetic diffusion time scale by dividing a pertubration length scale by D,

which has units of m2s−1. For the cylinder, this length scale is the area. To calculate

this the conductivity of a plasma must be estimated, Eq. 4.5. The conductivity is

a function of charged species number density, elementary charge, electron mass, and

the collisional frequency or n, e, me, and ν respectively. Using the data from Fig.

2.12, one cast estimate the degree of ionization to be 2.5%, the diameter to be ≈ 4

cm, and the height of the ionized region to be 10 cm. This gives n to be ≈ 1.69e20.

The last component necessary to solve for the electrical conductivity is the collisional

frequency. This can be estimated a number of ways, and is usually calculated from

some known number density or conductivity. However, to illistrate the effects of ion-

ization on diffusion time, Eq. 4.6 was used to calculate the electron-electron collision

frequency. This is a function of the temperature in electron volts and Λ, which is

known as the coloumb algorithm and is often taken to be a constant value of 10 [51].

D = (µσ)−1 (4.4)
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σ =
ne2

meν
(4.5)

νe−e = 5× 10−6
n ln(Λ)

T
3/2
eV

(4.6)

From these equations, one can estimate a diffusion time. Figure 4.10 shows the

diffusion time with respect to the degree of ionization with curves of different mag-

nitudes of collisional frequency, including the νe−e. Usually, the collisional frequency

is dependent upon the system, however here a range was considered to illustrate the

regimes where different physics may be useful. The solid and dashed black lines show

the RM evolution and the shock transit time for an interface of this size at M = 1.66.

Here it can be seen that as the collisional frequency decreases for this estimated con-

ductivity the magnetic diffusion time scale grows far beyond the accoustic time scales

for all ionization and therefore the simulations can be considered as ideal. However,

for frequencies ν = 1e6 and greater the classic hydrodynamics simulations will cap-

ture the effects as the diffusion time is much less then the accoustic time scales. While

this is just an estimated frequency range and ionization range, this tool can be helpful

for future researchers in determining if resistive effects are necessary in simulating the

MHD RM instability.
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Figure 4.10: The magnetic diffusion time with respect to degree of ionization for
various collisional frequencies
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Chapter 5

Summary and concluding remarks

This document details research performed towards the completion of a Doctoral de-

gree in Mechanical Engineering. The work presented here is divided into four chapters

which cover background, experimentation, and simulation efforts towards understand-

ing magnetohydrodynamic effects on shock driven instabilities, with experimental

and 3D simulation focus on the Richtmyer-Meshkov (RM) Instability. Interest in the

RM instability stems from a decades old desire to understand and support fusion

experiments. The experiments and simulations assume a low energy university lab-

oratory setting. However, the physics considered have strong applications towards

the high energy density systems often found in astrophysics and national laboratory

experiments. These physics include the generation of plasma, diagnostics for plasma

characterization, shock driven hydrodynamics, multispecies/multiphase mixing, the

presence of a magnetic field, and magnetic tension. A literature review for these

topics encompassing previous theoretical, experimental, and simulation work is in-

cluded in this introduction chapter. In Chapter 2 the developement and diagnosis

of an atmospheric plasma torch is presented, and is closely based off of a publica-
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tion the author was closely involved in [2]. This sets up an interface to be used

in future magnetohydrodynamic experiments to be done by the next generation of

masters and doctoral students at the University of Missouri Fluid Mixing and Shock

Tube Laboratory (MU-FMSTL). Chapters 3 and 4 detail simulation work performed

using highly parallelized multiphysics hydrodynamics codes. First, Chapter 3 shows

2D simulations of an ideal magnetohydrodynamic shock-bubble problem has been

published in Physical Review Fluids [3]. Chapter 4 presents 3D simulations of the

Magnetohydrodynamic Richtmyer-Meshkov (MHD-RM) Instability. While this work

consideres similar physics as Chapter 3 different numerical methods were explored

and the calculations were taken into 3D in preparation to incorporate resistive effects

for future work. The follow sections briefly discuss the conclusions of each chapter.

5.1 The developement and characterization of an

atmospheric non-transferred plasma source for

magnetohydrodynamic experiments

The development and diagnosis of a non-transferred DC arc atmospheric pressure

plasma torch is presented in Chapter 2. A long laminar torch was developed and gas

flow rates, arc currents, and arc voltages were explored. It was found that the jet

length and total power are functions of axial flow rate. It was also found that the

total jet length can be divided into two regions, a plasma region and an incandescent

region. As the axial flow rate is increased the plasma region grows as the total jet

length decreases until the torch transitions to turbulence and both decrease in size.

Tangential flow was also explored and found to have a minimal effect.

Diagnosis of the plasma was performed utilizing a single langmuir probe, 2DMIM,

and a particle Mie scattering method (particle image velocimetry). While the Lang-
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muir Probe measurements failed, the experiment as a whole seemed promising. It is

recommended that the equipment be upgraded so that the plasma parameters can be

found. It may also be beneficial to persue a double langmuir probe configuration, so

that the biased and measure voltages are based on the circuit and may provide more

stable readings. Despite the langmuir probes failure, the 2DMIM was able to provide

electron temperatures and charge density. This data can be used for future experi-

ments and simulations. Similarly, the PIV-like Me scattering images can be used to

capture the interface in R − Z and R − θ and are ready for use. Once MHD-RM

instability experiments are run this method can be converted to full PIV and provide

data to validate simulations.

5.2 2D Simulations of the Magnetohydrodynamic

Effects in a Shock-Accelerated Gas Cylinder

This work studied the cylindrical MHD RMI by varying the magnetic field orienta-

tion, magnetic field strength, and the incident shock wave Mach number (acceleration

strength). The cylindrical interface was selected as its evolution is independent of the

orientation of either the shock wave or the magnetic field direction. Instead, the evo-

lution depends only on the orientation of the shock transit direction relative to the

magnetic field. The magnetic field parameters were selected to explore their effects

on vorticity advection caused by MHD waves, while the Mach number was selected

to explore how increasing baroclinic vorticity deposition may effect the growth of the

MHD RMI. It was shown that interface mixing is a function of the amount of vor-

ticity deposition, the rate at which vorticity is advected, and the advection direction

via Alfven waves. This leads to a rich parameter space where some counterintu-

itive results are found in mixing measures. To understand the parameter space the

124



simulations were observed qualitatively via species and vorticity fields and quantita-

tively through mixedness, enstrophy, and the correlation coefficient of the vorticity

and species gradient. It was found that in general the presence of the magnetic field

suppresses RMI-like evolution by the advection of vorticity, with a stronger field, and

preferential field orientation resulting in greater suppression. Overall, it was shown

that interface mixing is a function of the amount of vorticity deposition, the rate at

which it is advected, and the direction it is advected by Alfven waves.

Expanding upon results found in literature, it was shown here that the presence of

either a perpendicular or parallel magnetic field in the MHD RMI suppresses RMI evo-

lution; with a perpendicular magnetic field showing less mixedness and significantly

reduced RMI morphology compared its parallel field counterpart. This is because

in the presence of a magnetic field the whole of the deposited baroclinic vorticity,

which drives the evolution in the RMI, no longer remains on the density gradient.

This interaction, shown by the species-gradient-vorticity correlation, can be seen to

be significantly reduced for the MHD RMI cases when compared to the traditional

RMI. The differences in field orientation are further highlighted by the vorticity field

and enstrophy. The vorticity is stretched significantly in the direction of the magnetic

field, hence the parallel field stretches the vorticity along the shock wave direction.

Enstrophy versus time curves, for all enstrophy and enstrophy only near the interface

show that both orientations result in lower total enstrophy but that the perpendicular

orientation has much lower enstrophy near the interface. Furthermore, vorticity is

able to traverse the interface rapidly in the perpendicular field orientation, allowing

positive and negative vorticity from opposite sides of the interface to interact and

compete, diminishing the enstrophy.

As the magnetic fields are the driving mechanism for the vorticity transport it

follows then that as the magnetic field strength increases so does the suppression of
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the RMI evolution. However, by examining magnetic fields of 100, 250, and 500 G

in both orientations two nonobvious effects were observed. First, there appears to

be some limit to the effectiveness of the magnetic field on mixing. That is, for both

field orientations increasing the magnetic field from 250 to 500 G did not significantly

affect the mixedness. However, the vorticity and species fields displayed differences in

morphology. Secondly, a competing effect was observed for the perpendicular field of

100 G. Here the magnetic field was unable to remove the vorticity from the interface

but instead moved it in such a way as to cause significant morphological differences.

This interface appears much more diffusive and exhibits higher mixedness and corre-

lation than any other case with M = 1.66. This implies that while strong fields have

been shown to suppress the RMI there may be a regime where magnetic fields can be

used to redistribute vorticity through an interface and increase mixing. This effect is

likely unique to the perpendicular orientation and the cylindrical interface.

While the magnetic fields drive the MHD effects, the mach number drives the

hydrodynamics and exploring the initial Mach number in this work revealed another

competing effect. Its known that for the RMI, an increasing Mach number leads

to increased interface mixing due to the increased baroclinic vorticity deposition.

However, the opposite was observed for the MHD RMI. Qualitatively, the higher

Mach number cases further compressed the interface in the MHD RMI. However, this

actively drove down mixedness by compressing the diffusion layer, the area where

mixing could occur. While the stronger deposited vorticity worked to compress the

interface it was advected away by higher Alfven velocities, due to the higher post-

shock density. Despite this, it was also shown that the stronger vorticity deposition

resulted in a more correlated but unmixed interface. Thus the higher Mach number

cases exhibited less mixedness and higher vortex advection in MHD.

This work has shown that interface mixing is a function of the amount of vorticity
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deposition, the rate at which it is advected, and the direction it is advected by Alfven

waves. This leads to a rich parameter space where some counterintuitive results are

found in mixing measures

5.3 3D Simulations of the Cylindrical Magnetohy-

drodynamic Richtmyer-Meskhov Instability

This work studied the 3D cylindrical MHD RM instability by varying the magnetic

field orientation relative to the shock transit direction. The cylindrical interface was

selected as its evolution is independent of the orientation of either the shock wave or

the magnetic field direction. Instead, the evolution depends only on the orientation of

the shock transit direction relative to the magnetic field. It was shown that interface

evolution is a function of the amount of enstrophy, the growth of the vorticity field,

and the advection direction via Alfven waves. This leads to a rich parameter space

where some counterintuitive results are found in mixing measures. To understand

the parameter space the simulations were observed qualitatively via species contours,

as well as temperature and vorticity fields and quantitatively through enstrophy and

the correlation coefficient of the vorticity and species gradient. It was found that

in general the presence of the magnetic field suppresses RM instability-like evolution

by the advection of vorticity with a preferential field orientation resulting in greater

suppression.

Expanding upon results found in literature, it was shown here that the presence

of either a perpendicular or parallel magnetic field in the MHD RM instability sup-

presses RM instability evolution; with a perpendicular magnetic field showing less

correlation and significantly reduced RM instability morphology compared its paral-

lel field counterpart. This is because in the presence of a magnetic field the whole of
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the deposited baroclinic vorticity, which drives the evolution in the RM instability,

no longer remains on the density gradient. The differences in field orientation are

further highlighted by the vorticity field and enstrophy. The vorticity is stretched

significantly in the direction of the magnetic field, hence the parallel field stretches

the vorticity along the shock wave direction. Enstrophy versus time curves, for total

enstrophy and the enstrophy components show that the MHD cases result in lower

total enstrophy. Furthermore, vorticity is able to traverse the interface rapidly in the

perpendicular field orientation, allowing positive and negative vorticity from opposite

sides of the interface to interact and compete, diminishing the enstrophy.

Resistivity was also discussed for consideration in future work. It was outlined that

the plasma parameters for collisional frequency, electric conductivity, and electron

density are immensly important for determining if a simulation requires ideal MHD,

resistive MHD, or classic hydrodynamic physics. A model was presented to determine

the conductivity assuming a known collisional frequency. It was suggested that for

this work a relatively high collisional frequency, on the order of 1e6 collisions per

second, may lead to resistive effects being important.

This document details research performed towards the completion of a Doctoral

degree in Mechanical Engineering. For this work, an atmospheric plasma torch was

developed for use in future hydrodynamic experiments. The operating conditions

of the torch were explored to find optimal power settings for laminar flow and maxi-

mum height. The electrical characterisitcs were explored using both an invasive probe

technique and a spectroscopic method. These methods revealed both geometric and

electrical charactersitics which could be used to determine the temperature and num-

ber density of the plasma field. A qualitative imaging technique is also developed

for use in future hydrodynamic experiments. Simulations of the Richtmyer-Meshkov

Instability with Magnetohydrodynamic effects are also presented in chapters 3 and 4.
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These simulations study the effects of the magnetic field, the strength and orienta-

tion of the magnetic field relative to the shock wave direction, and the Mach Number

in 2D and then the magnetic field orientation in 3D. It was found that in general

an increasing magnetic field increases suppression of Richtmyer-Meshkov evolution.

The orientation of the magnetic field revealed that with a cylindrical interface, the

suppression of the magnetic field can drive very different morphologies with a per-

pendicular magnetic field resulting in almost no Richtmyer-Meshkov evolution. While

these simulations are all ideal, resistivity was also considered for future simulations.

It was found that if the ioniziation is relatively low, resulting in a magnetic diffusion

time higher than the accoustic time scales, then resistivity may play a large role in the

evolution of the Richtmyer-Meshkov instability with Magnetohydrodynamic effects.

If the magnetic diffusion time is much higher than the instability, then the evolution

will not exhibit any Magnetohydrodynamic effects.
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[73] Simon Hübner, Joao Santos Sousa, Joost van der Mullen, and William G Gra-

ham. Thomson scattering on non-thermal atmospheric pressure plasma jets.

Plasma Sources Science and Technology, 24(5):054005, jan 2017.

[74] S.J Zweben, D.P Stotler, J. L Terry, B. LaBombard, M. Greenwald,

M Muterspaugh, C. S Pitcher, Alcator C-Mod Group, K Hallatschek, R. J.

Maqueda, and B Rogets. Edge turbulence imaging in the alcator c-mod toka-

mak. Journal of Physics D: Applied Physics, 9(5):1971–1989, 2002.

[75] A. B Murphy. Modified fowler–milne method for the spectroscopic measurement

of temperature and composition of multielement thermal plasmas. Review of

Scientific Instruments, 65(11):3423–3427, 1994.

[76] J Haidar and A J D Farmer. Temperature measurements for high-current free-

burning arcs in nitrogen. Journal of Physics D: Applied Physics, 26(8):1224–

1229, aug 1993.

[77] D. A. Scott, P. Kovitya, and G. N Haddad. Temperatures in the plume of a dc

plasma torch. Journal of Applied Physics, 66:5232–5239, 1989.
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