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ABSTRACT 

Richtmyer-Meshkov (R-M) instability occurs when two different density fluids are 

impulsively accelerated in the direction normal to their nearly planar interface. The 

instability causes perturbations on the interface to grow and to possibly become turbulent. 

R-M instability is a fimdamental fluid instability that is important to fields ranging from 

astrophysics to high-speed combustion. For example, R-M instability is currently one of 

the limiting factors in achieving a positive net yield in laser driven inertial confinement 

fusion experiments. This experimental study investigates the instability of an interface 

between incompressible, miscible liquids with an initial sinusoidal perturbation. After 

undergoing a nearly impulsive acceleration, the initial perturbation quickly inverts and 

then grows in amplitude. The vorticity on the interface eventually coalesces into a series 

of alternating signed vortices. 

Disturbance amplitudes are measured and compared to theoretical predictions. Linear 

stability theory gives excellent agreement with the measured initial perturbation growth 

rates, while the predicted amplitudes differ by less than 10% from experimental 

measurements up to a nondimensional time kd^t = 0.7. Fourth order, single-mode 

perturbation theory extends the 10% amplitude agreement up to a nondimensional time 

kciQt = 1.3. A discrete vortex model and a combined model equation are within 10% of 

the experimental amplitude measurements up to the maximum experimental 

nondimensional time koQt = 30. The effects of Reynolds number (based on circulation) 

on the vortex core evolution and overall growth rate of the interface are also investigated. 

In addition, an instability in the vortex cores is observed for the fu-st time and criteria 

established for its occurrence. 
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CHAPTER 1. 

INTRODUCTION 

1.1 OVERVIEW 

Richtmyer-Meshkov (R-M, Richtmyer 1960, Meshkov 1969) instability occurs at a 

nearly planar interface separating two fluids of different density (Figure I) where an 

impulsive acceleration normal to the interface causes perturbations to grow and to 

possibly become turbulent. The impulsive acceleration can be the result of an impulsive 

body force or a passing shock wave. The R-M instability is similar to the Rayleigh-

Taylor (R-T, Rayleigh 1900, Taylor 1950) instability, where a heavier fluid is suspended 

over a lighter fluid in constant gravity. The driving mechanism for the instability is the 

baroclinic vorticity generated on the interface due to the misalignment of the pressure and 

density gradients, i.e. arising from VpxVp. After the impulsive acceleration, the 

vorticity distorts the interface and can result in turbulence as the instability evolves. 

R-M instability is of importance to a range of applications spanning a wide array of 

scales. For example, at very large scales the R-M instability results in mixing in 

supernovas. Complex interactions in the collapsing core of a dying star generate a 

spherical, outward propagating shock wave. This shock wave passes through the 

stratified outer gas layers separated by density interfaces. Observations of Supernova 

1987A have led to the conclusion that the helium and hydrogen layers experienced R-M 

instability induced mixing (Amett er a/. 1989, Burrows e/a/. 1995). R-M instability can 

also occur in high-speed combustion, as is observed in supersonic combustion ramjets 

(scramjets). In scramjets, the fuel is injected at discrete points in the combustion 

chamber. Burning occurs on flame fronts propagating through the oxygen-rich air. The 
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g(t) = AV5(t) 

P2 

Figure 1. Schematic illustrating the Richtmyer-Meshkov instability. 

burning process produces an area of high temperature, low density gas directly behind the 

flame front, resulting in a density interface. As the flame front passes through shock 

waves present in the combustion chamber, R-M instability occurs at the density interface. 

The R-M instability results in enhanced mixing between the fuel and oxygen-rich air and 

alters the burning rate in the combustion chamber (Markstein 1957, Curran et al. 1996). 

The R-M instability is of fundamental importance in inertial confinement fusion (ICF). 

The R-M and R-T instabilities have prevented the generation of net positive energy in 

ICF experiments conducted so far. As shown in Figure 2, ICF uses many high-energy 

laser beams or x-rays to vaporize an ablative shell encapsulating a higher density pusher 

sphere. The pusher contains a low-density (< 1.0 mg/cm^) deuterium-tritium fuel 

mixture. The gases jetting from the ablative shell drive the pusher sphere inward due to 

conservation of momentum. The ablator-pusher and pusher-fuel density interfaces 

undergo a combination of R-M and R-T instabilities. The turbulent flow that results from 

the instabilities limits the degree of compression achievable and thus the energy output. 

In the experiments conducted to date, the energy used to drive the lasers has exceeded the 

energy output from the fusion process (McCall 1983, Lindl et al. 1992, Hogan et al. 

1992, Lindl 1995). 



Incident 
Energy 

Ablator 

Blowoff 

Pusher 

Figure 2. Idealized representation of the Inertial Confinement Fusion process 
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1.2 LINEAR STABILITY THEORY 

The first theory used to describe the early stages of the R-M instability was developed 

by R. D. Richtmyer (1960). His theory models the linear growth of a small amplitude 

sinusoidal perturbation immediately following an impulsive acceleration. Other theorists 

have extended Richtmyer's analysis to obtain higher order expressions for the initial 

stages of perturbation growth. Ever since the first R-M experiments by Meshkov (1969), 

all non-turbulent R-M experimentalists have compared their results to Richtmyer's 

theory. While Richtmyer's compressible assumptions have caused much discussion. 

these assumptions do not apply to the current incompressible experiments. 

Richtmyer's impulsive acceleration model expanded upon a theory developed by G. 1. 

Taylor (1950). Taylor studied the stability of an interface between different density 

fluids in a constant gravitational field. His analysis considers the 2-D invisid, irrotational 

flow of incompressible fluids. The fluids had densities p/ and p2, and the flow is 

modeled using velocity potentials 0/ and <i>2 (v = V0), as shown in Figure 3. The interface 

separating the fluids is assumed to have a sinusoidal perturbation given by 

where k is the wavenumber, and a(t) is the amplitude. The amplitude of the disturbance 

is assumed to be small such that \ka\ « I. 

The governing equations of the flow are 

T] =  ai t )cos(kx) .  (1) 

vV = o, (2) 

in the two fluids, and 

9t  dy  
(3) 
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g(t) 

Figure 3. Diagram of the configuration used in the linear stability analysis. 

p ~- pg(t)TJ+ P = C, (4) 

at y = 0 in each of the fluids, where p is the pressure, g(t) is the time dependent 

gravitational field, and Cis a constant. Continuity is satisfied using Equation (2) and 

Equation (3) is the kinematic condition matching vertical velocities at the interface. 

Equation ( 4) is the time-dependent Bernoulli's equation and matches pressure at the 

interface. One must be careful whether g(t) is defined as a virtual gravitational field as is 

done in this analysis, or if g(t) is defined as the acceleration of the system, which results 

in an opposite sign for the gravity term. 

The solutions of (2) that satisfy the periodic perturbation condition have the form 

¢1 = b(t)e-ky cos(k.x) , 

¢2 = -b(t)e+ky cos(k.x). 

(5) 

(6) 

Substituting (5) and (6) into the interfacial conditions (3) and (4) at the interface leads to 

the equations: 
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d = —kb,  (7) 

b = -Aga,  (8) 

where 

A = (9) 
P2+A 

is defined as the Atwood number of the system. Combining Equations (7) and (8) results 

in a single equation for the amplitude of the perturbation; 

a(r) =-k A g( t )a( t ) ,  (10) 

which is valid for an arbitrary wavenumber and gravitational acceleration. If g(t) =go>0 

and A >0, then the perturbation oscillates in time with 

a(t) = opcosicot), ( I I )  

where 

co = ^kAgQ. (12) 

If A <0 ,  i . e .  a  heavy  f l u id  ove r  a  l i gh t  f l u id ,  and  a ,  =  0  then  

a(r) = a, cosh(V-A:Ago 0 ,  (13) 

where a, and a, are the initial amplitude and velocity of the perturbation. This heavy 

fluid over a light fluid case is the classical Rayleigh-Taylor (Rayleigh 1900, Taylor 1950) 

instability. Richtmyer (1960) considered the case where g(t) is an impulsive acceleration 

such that: 
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gi t )  = AVSi t ) .  (14) 

Solving Equation (10) with the impulsive acceleration (14) yields the solution 

Gq  =—kAAVOj  +  d , ,  ( 15 )  

where a, and dj are the amplitude and velocit\' of the perturbation prior to the 

acceleration pulse and do is the velocity after the acceleration. The result gives a 

constant perturbation growth rate that is a linear function of the wavenumber, Atwood 

number, and the initial perturbation amplitude. Growth rate will be defined in this study 

as the instantaneous time rate of change of the perturbation amplitude. 
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1.3 PREVIOUS STUDIES 

The Richtmyer-Meshkov instability has been experimentally investigated since the 

1960's. Most of the early experiments were conducted in shock tubes, and this type of 

experiment is still the most common today. High-power lasers have been used to conduct 

R-M experiments using a method similar to ICF. Somewhat similar experiments have 

used the shock wave resulting from an explosive device. Experiments with liquids are 

less common, but have been conducted using a linear electric motor to provide the 

impulsive acceleration. Other liquid experiments have utilized a container dropped onto 

foam to generate an impulsive acceleration. The dropped container method is moderately 

similar to the one employed in the current experiments. Many computational studies 

have also been performed and compared with existing experiments. 

Meshkov (1969) conducted the first experiments on the R-M instability. These 

experiments were conducted in a shock tube and employed a 1 micron thick 

nitrocellulose membrane to separate the different density gases. The membrane was 

given a nearly sinusoidal shape using linked circular arcs as an approximation. Four 

different test gases were used in four combinations, resulting in Atwood numbers ranging 

from 0.21 to 0.91. The experiments were conducted with the shock wave passing from 

both light-to-heavy and heavy-to-light density interfaces. Most of the experiments were 

conducted with a pre-shock, dimensionless initial amplitude ka^ = 0.31, but some were 

also conducted at ita, = 0.63. These experiments showed an initial linear growth 

(constant growth rate) as predicted by Richtmyer (1960) that increased with Atwood 

number, but the growth rates were approximately 35% - 50% of those given by linear 

theory and Richtmyer's computational results. 

Experiments similar to Meshkov's (1969) were later conducted by Benjamin (1988) at 

Los Alamos National Laboratory. These experiments used air and SFe for light-to-heavy 
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experiments, and air and helium for the heavy-to-light case. A 0.5 micron thick 

nitrocellulose membrane was used, with a sinusoidal initial perturbation with a pre-shock 

kOj = 0.40. The results were qualitatively similar to Meshkov's, with slightly different 

growth rates. The air/SFe results showed a growth rate 46% of that predicted by 

Richtmyer's theory. 

Aleshin et al. (1990) also conducted membrane-type shock tube experiments. A 2 

micron thick polyester membrane with a sinusoidal perturbation was employed to 

separate argon and xenon gases. The Mach number of the incident shock in these 

experiments was 3.5 and traveled from the light gas into the heavy gas. The results 

showed reasonably good agreement for initial growth rate with Richtmyer's linear theory 

using the post-shock initial amplitude and densities. The agreement was particularly 

good for the heavy gas perturbations moving into the light gas (spikes). Thus, these 

results are in much better agreement with theory than past membrane-type shock tube 

experiments. Aleshin et al. also noted that beyond a certain time the penetration of the 

light gas perturbations into the heavy gas (bubbles) virtually ceases, while the spike 

velocity reaches a steady value. The penetration of the bubbles and spikes was 

referenced to a theoretical boundary between gases that would move as would an initially 

plane interface. 

Brouillette and Sturtevant (1994) used a removable plate to separate the two gases. 

The plate was removed just prior to the start of the experiment, with viscous effects from 

the plate removal generating a quasi-sinusoidal perturbation on the interface. The 

resulting interface is diffuse, thus requiring modification of Richtmyer's (1960) linear 

theory employing a growth reduction factor developed by Duff et al. (1962) for diffuse 

interfaces in R-T instability. This reduction factor is a function of the interface density 

profile and is found from an eigenvalue equation. Brouillette and Sturtevant noted that 
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this growth reduction factor was independent of the nature of the acceleration, and thus 

could be applied to R-M instability. The growth reduction factor for Brouillette and 

Sturtevant's experiments results in predicted growth rates to be 1/3 of those for a sharp 

interface. The experiments were conducted with air/R-22 and air/SF6 interfaces. 

Perturbation growth rates were measured after the passing of the incident shock, and after 

the passing of the reflection of the incident shock from the end of the shock tube. The 

initial amplitude of the perturbations was too small to measure, and thus was estimated 

using the post-shock perturbation growth rates and linear stability theory. The difference 

in estimated initial perturbation amplitude for the single and double shock cases was 30% 

- 50%. 

Bonazza and Sturtevant (1996) modified the experimental setup used by Brouillette 

and Sturtevant to utilize x-ray radiography in addition to the standard Schliem system for 

visualization. In addition, the method of analysis was improved to take into account the 

presence of multiple wavelengths on the interface. A modal analysis was conducted on 

the images to determine the amplitudes of the different modes present on the interface, as 

well as the thickness of the interface. The growth of these modes was measured and 

compared to linear theory modified for a diffuse interface. While the initial growth was 

linear for tlie different modes, it was generally 1/2 to 1/4 that given by linear theory. 

A unique method for forming the interface between two gases was used by Jones and 

Jacobs (1997). The two gases flowed from opposite ends of the shock tube, exiting 

through slots at the initial interface location. The result was a relatively thin interface 

between the fluids. In addition, the entire shock tube was gently oscillated to form a 2-D, 

sinusoidal standing wave on the interface. This method eliminated the effects of the 

membrane, yet also provided repeatable initial conditions. The measured interface 

thickness reduced the predicted growth rate by 15% from the sharp interface linear theory 
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with the growth reduction factor of Duff et al. (1962). The measured initial growth rates 

were in much better agreement with existing theories than past experiments. Depending 

on the initial conditions used, the difference between experimental growth rates and 

linear theory varied from 1 % to 22%. 

Dimonte et al. (1996) conducted experiments using the Nova laser at Lawrence 

Livennore National Laboratory. In these experiments, the rapid vaporization of one end 

of a beryllium ablator/foam tamper target by the laser produces a shock wave that travels 

down the target and through the density interface with a known initial perturbation. 

Comparison of these experiments with theory in Dimonte et al. (1996) and Holmes et al. 

(1999) demonstrated good agreement with linear theory for the initial growth. 

Comparison with a weakly nonlinear theory (Zhang and Sohn 1997) shows reasonable 

agreement for amplitude, except for the middle time range. This disagreement arises 

from the experimental oscillation in growth rate, which was also observed in 

compressible computer simulations of the exp)eriment (Holmes et al. 1999). However, 

this is a high Mach number, complex, poorly visualized e.xperiment with large 

uncertainties, making definitive conclusions difficult to draw. 

Benjamin and Fritz (1987) employed a unique method of generating a shocked 

interface. A shock wave generated by TNT explosive liquefied a layer of Wood's metal 

before passing into a layer of water. The sinusoidal interface machined into the Wood's 

metal became R-M unstable, causing the perturbations to invert and then grow in 

amplitude. Analysis of this experiment is complicated by the presence of gravity and a 

rarefaction wave from the explosion. Thus the predicted growth rate for the perturbation 

by linear theory is approximately 25% lower than that observed in the experiments. 

Several different acceleration profiles were used in Dimonte and Schneider (2000) 

employing a Linear Electric Motor (LEM) apparatus. The commonly studied constant 
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acceleration and impulsive acceleration profiles (R-T and R-M) were studied, along with 

profiles with increasing and decreasing acceleration levels. The LEM was used to 

accelerate a fluid container with two different density liquids vertically on a rail system. 

The interface between the fluids was initially flat, and the growth of the mixing zone was 

analyzed. The separate growth of the light and heavy mixing fronts was examined, along 

with the interface profile characteristics. The results of this study apply to the fully 

turbulent regime and thus are not directly comparable to the previously described 

experiments. 

Liquids were used in Castilla and Redondo (1993) to analyze the R-M instability. A 

box containing the two liquids traveled downward on a vertical carriage system until 

impacting a cushioned surface. The sharp deceleration initiated the R-M instability, but 

gravity began to stabilize the system after the initial growth. An initially flat interface 

was used, and the mixing region was analyzed for overall amplitude. 

Experiments undertaken in an early version of the current apparatus were reported in 

Jacobs and Sheeley (1996). They introduced the method of bouncing a tank containing 

the two fluids off a fixed coil spring, which provided an impulsive acceleration to the 

fluids, followed by a period of freefall. The initial perturbation was introduced by 

oscillating the tank in the horizontal direction to produce standing waves prior to release. 

Because of the finite pulse length of the acceleration, the acceleration profile was 

modeled by assuming a perfect spring-mass system. The linear stability theory 

differential equation was then integrated with this acceleration model, using the known 

initial conditions. The experimental growth rates averaged 25% lower than theoretical 

growth rates, with greater disagreement at higher wavenumbers. These experiments, 

along with those in Jacobs et al. (1995), and Jacobs and Niederhaus (1997), were 

compared to computations in Kotelnikov et al. (2000). The computations accurately 
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predicted the perturbation amplitude. However, the details of the fine-scale structure 

were dependent upon the grid resolution. 

Experiments have also been conducted with different fluid configurations in shock 

tubes. While not directly comparable to the current research, they do exhibit similar 

characteristics. Jacobs (1992, 1993) experimented with light and heavy gas cylinders in a 

surrounding fluid, while Haas and Sturtevant (1987) used both gas cylinders and spheres 

in their experiments. The R-M instabilit>' results in a vortex pair for the cylindrical 

interface, and a vortex ring in the spherical case. Gas curtains (three layers of fluids) 

with pseudo-sinusoidal interfaces were investigated in Jacobs et al. (1993), Budzinski et 

al. (1994), and Rightley et al. (1997). Mushroom type structures were observed, with the 

dominant features dependent upon which interface had the larger perturbations. These 

experiments were compared to computations in Mikaelian (1996) and Baltrusaitis et al. 

(1996). The computations gave qualitatively similar appearing structures. 

Many other experiments have focused strictly on the late-time turbulent regime. The 

interest in these studies was on the thickness of the mixed region between the fluids and 

how it grows with time. These experiments were conducted using shock tubes and 

nominally flat initial interfaces. Many of these experiments also made measurements 

after multiple shock interactions. Such experiments can be found in Vetter and 

Sturtevant (1995) and Jourdan et al. (1997), with Poggi et al. (1998) measuring the 

velocities inside the mixing region. 
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1.4 CURRENT STUDY 

The experiments described in the present utilize a novel technique that circumvents 

many of the experimental difficulties previously limiting the study of the R-M instability. 

A Plexiglas tank contains two unequal density liquids and is gently oscillated horizontally 

to produce a controlled initial fluid interface shape. The tank is mounted to a sled that 

slides on a high speed, low friction, linear rail system, constraining the main motion to 

the vertical direction. The sled is released from an initial height and falls vertically until 

it bounces off of a movable spring, imparting an impulsive acceleration in the upward 

direction. As the sled travels up and down the rails, the spring retracts out of the way, 

allowing the instability to evolve in freefall until the sled impacts a shock absorber at the 

end of the rails. The impulsive acceleration provided to the system is measured by a 

piezoelectric accelerometer mounted on the tank. A second capacitive accelerometer 

measures the low-level drag of the bearings. Planar Laser-Induced Fluorescence is used 

for flow visualization, utilizing an Argon ion laser to illuminate the flow and a CCD 

camera mounted to the sled to capture images of the interface. Measurements are made 

of the perturbation amplitudes and the evolution of the vortex structures. 
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CHAPTER 2. 

APPARATUS 

2.1 INTRODUCTION 

The experiments were conducted at the University of Arizona utilizing a purpose-

built 3.05 meter vertical drop tower and attached instrumentation, as shown in Figure 4. 

The drop tower's function is to provide an impulsive acceleration to a two-fluid system, 

and then allow the system to travel safely in freefall without external disturbances. The 

tower was designed and built on site and consists of 4 main parts: a guide rail assembly; a 

sled assembly; a release mechanism; and a spring mechanism. A shaking mechanism 

driven by a sophisticated motion controller introduced internal waves to the two-fluid 

system. These internal waves served as the initial perturbation for the R-M instability. 

Planar Laser-Induced Fluorescence (PLIF) was used for flow visualization. The lower 

fluid contained a fluorescent dye illuminated by a thin light sheet, and the upper fluid was 

clear against a black background. The acceleration history of the fluids was characterized 

by two accelerometers mounted to the apparatus. 

Initial experiments were conducted using the shorter 1.83 meter drop tower shown in 

Figure 5. Jacobs and Sheeley (1996) presents results from the earliest experiments 

employing this drop tower. Many features and techniques were developed using this 

tower. However, the taller drop tower also corrects many shortcomings of the earlier 

design. The main shortcoming with the 1.83 drop tower is the location of the center of 

mass of the sled on which the fluid container is mounted. The center of mass of the sled 

is not located above the spring contact point. Furthermore, the center of mass is not 

positioned in the plane of the rails. Large torques are thus generated when the sled 
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Figure 4. Picture of the 3.05 meter drop tower and instrumentation. 

impacts the spring. This torque results in deflections of the tower, as well as vibrations 

transmitted to the experimental container. The 3.05 meter drop tower was designed to 

eliminate these problems. The new tower locates the center of mass of the sled directly 

above the spring impact point. In addition, the center of mass is in the plane of two rails. 

This new configuration results in zero torque applied to the rails at impact. 
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Figure 5. Illustration of the earlier 1.83 meter drop tower. 
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2.2 GUIDE RAILS 

The guide rail assembly allows the sled to move freely in the vertical direction while 

maintaining its spatial orientation. The main structure of the rail assembly for the new 

3.05 meter drop tower shown in Figure 6 consists of 2 vertically oriented 102 mm x 102 

mm thick-wall steel beams. These beams are 3.05 meters in length and have been 

precision ground for flamess. Four 12.7 mm x 102 mm steel plates rigidly connect the 

vertical beams at the top and bottom. The plates maintain the relative spacing between 

the inside faces of the beams at 451 mm. Precision linear rails 12.7 mm in diameter are 

mounted on the inside faces of the steel beams using supplied aluminum mounts. The 

rail mounts are shimmed to maintain the rail centerline spacing at 381 ± 0.076 mm. B-

Line steel channel, 41.3 mm x 41.3 mm, attaches the assembly to the laboratory wall at 

the top and bottom. The steel channel is adjustable and maintains the tower's vertical 

orientation. The weight of the assembly is supported by a 9.5 mm thick, 762 mm x 914 

mm steel plate. A 12.7 mm thick rubber mat under the steel plate transfers the load to the 

concrete floor. An EFDYN shock absorber with a 19.0 mm bore and a 76.2 mm stroke is 

attached to the steel floor plate. The shock absorber is employed to gently stop the sled at 

the end of its run. 
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Figure 6. Close-up picture of the 3.05 meter drop tower with the sled at the top. 
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2.3 DROP SLED 

The sled assembly in Figure 7 was designed in conjunction with the entire 3.05 meter 

drop tower to optimize the center of mass location. The sled's center of mass is aligned 

with the plane of the rails and the spring impact plane. If perfectly balanced, this e.g. 

location eliminates torque production during impact. Thus deflections and vibrations 

such as those observed on the 1.83 meter drop tower are minimized. The sled assembly 

was constructed using Techno-Isel 30 mm x 250 mm extruded aluminum plate for the 

structural members. The plate has slots for attaching parts, and a hollow core pattern that 

results in a lightweight, yet stiff and strong plate. The sled has two pieces of plate that 

are 584 mm long oriented horizontally for the side panels, a 300 mm long vertical piece 

for the back panel, and a small piece across the front. 

Special Thomson Roundway linear roller bearings are mounted on individual 

aluminum pads on both sides of the sled. These bearings were chosen for their low 

friction and ability to operate at the high speeds (3.3 m/s) attained by the sled. The 

bearing pads use the horizontal side slots to align the center of gravity of the sled in the 

plane of the rails. The two liquids are contained in a Plexiglas tank mounted to a crossed 

roller bearing slide attached to the back panel. The slide is adjustable up and down using 

the vertical slots on the back panel. A CCD camera is attached to the front plate opposite 

the fluid tank. The front plate can be adjusted fore and aft to adjust the camera location. 

Side to side adjustment of the camera is also provided. A steel I-beam capable of 

withstanding the 13000 N impact force is used to contact the spring. The I-beam is 

bolted to the bottom of the side panels directly below the sled center of mass. An 

aluminum cross piece at the top of the sled directly above the I-beam holds a pin, which 

provides the attachment point for the release mechanism. 
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Figure 7. Picture of the sled and release mechanism on the 3.05 meter drop tower. 
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2.4 RELEASE MECHANISM 

The release mechanism was designed to release the sled quickly and to be consistent 

in its timing. Initial experiments on the 3.05 meter drop tower were conducted with an 

electromagnet holding the sled prior to release, similar to the 1.83 meter drop tower. The 

electromagnet contacted a steel plate fastened to the sled directly above the center of 

mass. Tape placed on the bottom of the electromagnet eliminated direct metal-to-metal 

contact with the steel plate. The tape reduced the release time to 5 milliseconds after 

power interruption with an uncertainty of less than 1 ms. This method worked very well, 

and had a margin of safety of 2 in holding power with the standard sled weight. 

When the 3.05 meter drop tower was later modified to accommodate another 

experiment, the holding force requirement increased by a factor of 3. Because this force 

was greater than the electromagnet's capability, the electromagnet had to be replaced. 

There was some concern about safety with this design, so a new method with positive 

attachment was chosen. The new release mechanism (Figure 7) secures a pin mounted on 

the sled using a short lever. This lever is part of an unstable four-bar linkage that is 

initially slightly overcenter. A small push by a solenoid collapses the linkage and 

releases the sled. A safety link is also incorporated to reduce the risk of accidental 

release. The new release mechanism is mounted on a steel plate connected to the vertical 

rail system. The mounting plate is incorporated into a winch system, which raises the 

release mechanism and sled in unison to its initial height. While easier and safer to use 

than the electromagnet, the timing of the new release mechanism is not as precise. The 

new mechanism releases the sled 21 ms after the solenoid is first activated, with an 

uncertainty of 2 ms, as compared to a 5 ± 1 ms release time with the electromagnet. 
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2.5 RETRACTABLE SPRING 

The spring mechanism provides the acceleration to the fluids. The ideal acceleration 

for studying the R-M instability is an impulse function with as short of a time duration as 

possible. However, the drop tower apparatus must also be able to withstand the imposed 

forces. In addition, the cameras utilized have an allowable peak acceleration level of 70 

times the force of gravity (70 g's). Therefore, the entire apparatus was design to 

withstand a maximum of 70 g's, with an operational limit set at 60 g's. This acceleration 

limitation restricts the acceleration pulse duration. With a perfect, massless spring, the 

acceleration history should be sinusoidal in form with pulse duration = KAVI2a„, 

where Af^ is the change in velocity and a„ is the peak acceleration. A frictionless rail 

system yields AV = 2-^j2goh, where h is the sled drop height. 

The linear growth rate for the R-M instability with an impulsive acceleration is 

proportional to AV. However, in these experiments the acceleration causes the 

perturbation to invert. Therefore, a finite pulse duration reduces the growth rate. If the 

pulse duration is sufficiently long, the perturbation can invert during the acceleration 

pulse and cause a decrease in the growth rate. Jacobs and Sheeley (1996) developed a 

nondimensional pulse length t = kAAV/(0^_„, where cOj-m is the frequency of the 

idealized spring-mass system producing the acceleration. This nondimensional pulse 

length indicates the degree to which the acceleration pulse length affects the initial 

growth rate of the R-M instability. For a sinusoidal acceleration pulse, if r is greater than 

3.6 it is possible to obtain zero post-acceleration growth, or even growth in the opposite 

direction. There is also an optimum T that will produce the highest initial growth rate. 

Using AV = 2-yj2goh and = 2apfAV, this parameter can be rewritten as 

r = 4kAhgQ/a„. Therefore, with a given Om and A due to the system, there is an 
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optimum h for each wavelength. Since it was desired to keep the drop height constant, h 

was chosen as a compromise between the test wavelengths. 

The overall optimum drop height h for the tested wavelengths was 55 cm. This 

distance is much lower than the available travel on the new 3.05 meter drop tower. It was 

determined that the best solution would be to have a retractable spring mechanism. This 

mechanism would not have to be located at the bottom of the rails. Thus, the sled can be 

released from the top of the tower, receive the optimum acceleration pulse, and still travel 

the fiill length of the rails. The spring shown in Figure 8 is mounted on a four-bar 

linkage. The linkage is overcenter and locked when the sled hits the spring. The 

rebounding force of the spring unlocks the linkage and gravity pulls the spring 

mechanism flush to the wall. An adjustable bungee cord is employed to assist in the 

retraction process. The retraction of the spring mechanism provides the necessary 

clearance for the sled to pass. The mechanism is mounted to the wall on vertical steel 

channel behind the rail assembly. The steel channel allows the height to be varied as 

necessary to change the sled drop height. Mounting the spring mechanism to the wall 

reduces vibrations that may be transferred to the test sled via the rail assembly. At the 

drop height of 55 cm used, the acceleration pulse had a peak value of 50 g's and duration 

of 27 ms. The pulse shape was approximately triangular in form, with a typical AFof 6.4 

m/s. 

Figure 9 shows an animation of a typical experiment. The sled is initially held at the 

top of the rails and the retractable spring mechanism is extended and locked. When the 

sled is released, it travels down the rails until impacting the spring and bouncing 

upwards. As the sled travels back up the rails, the upward momentum of the spring, 

along with the bungee assist, unlocks the linkage holding the retractable mechanism. 

Gravity and the bungee assist retract the spring flush with the wall before the sled returns 
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Figure 8. Close-up picture showing the extended spring mechanism. 

to the spring location. The sled is then able to pass the spring and travel down the rails 

until hitting the shock absorber at the bottom. This gives a total free fall time (after the 

initial impact) of 900 ms. This freefall time is 50% longer than the old 1.83 meter drop 

tower using the same drop height. 
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Figure 9. A sequence of images showing the sled traveling on the rail system during a typical experiment. 
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2.6 FLUID CONTAINER 

The two fluids are contained in a clear Plexiglas tank mounted to the shaking 

mechanism. The tank is mounted using threaded studs and thumb nuts to speed 

installation. Neoprene rubber washers on the front and back of the tank minimize 

vibration transmission. The Plexiglas tank has interior dimensions of 254.4 mm high x 

119.9 mm wide. Two different thicknesses of tanks were used: 25.4 mm and 50.8 mm. 

Substitution of the thin tank requires a small weight be added to balance the sled. The 

sides and bottom of the tanks are made from 25 mm Plexiglas sheet, while the front and 

back are from 10 mm sheet. Acrylic glue was used to bond the pieces together and seal 

the tank. A special lid made from 16 mm Plexiglas sheet has a central region extending 

3.2 mm into the tank. The extension displaces a small amount of fluid when the lid is 

attached and aids in the elimination of air bubbles at the top. Air bubble elimination is 

critical to prevent the distortion of the laser sheet used for flow visualization. A 1.6 mm 

neoprene rubber gasket seals the lid, while 1/4-20 bolts fasten the lid in place. Heli-coil 

inserts were used in the tank construction to increase useful life. The total internal height 

of the sealed container is 252.8 mm. The density interface location during the 

experiments was nominally 120 mm from the tank bottom. 
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2.7 SHAKING MECHANISM 

The shaking mechanism allows for the generation of internal waves that serve as the 

initial perturbation. The mechanism employs a horizontal slide, stepper motor, and 

motion controller. The fluid container is mounted to the slide on the back of the sled. 

The slide was custom-built and utilizes crossed roller bearings. These bearings allow 

smooth horizontal motion, yet are also able to withstand the large forces generated during 

the impulsive acceleration. A sophisticated Galil DMC-1530 motion controller drives a 

linear actuator to oscillate the container. The motion controller was chosen for its ability 

to generate an arbitrary motion, which is useful for generating a multi-mode initial 

perturbation. 

The EADmotors size 17 linear actuator is a conventional size 17 stepper motor with 

200 steps/revolution. The motor has an internal rotating nut with 10-32, 4-start threads 

instead of a conventional output shaft. When a threaded rod passing through the motors 

internal nut is prevented from rotating, rotation of the nut results in a translation of the 

threaded rod. This threaded rod is used to oscillate the slide mechanism. The motor is 

driven by an Intelligent Motion Systems IM483 stepper driver with microstep control. 

One revolution (12,800 microsteps) of the motor results in a translation of 3.175 mm (1/8 

inch). The actuator pushes against a rubber pad mounted on the slide. The actuator 

cannot provide a pulling force with this setup. Therefore, a return spring opposes the 

pushing of the actuator. The return spring provides the force to move the slide in the 

opposite direction and also eliminates backlash. A position transducer was employed to 

analyze the shaking motion. The rubber pad was added after Fourier analysis showed 

that it eliminated high frequency oscillations induced by the stepper motor. 
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2.8 VISUALIZATION 

Planar Laser-Induced Fluorescence is used for flow visualization. A Coherent Innova 

90C Argon Ion laser produces a nearly Gaussian beam with 2.8 W of power at the 

operating wavelength of 488 nm. A -12.7 mm focal length cylindrical lens distributes 

the laser beam into a thin light sheet. Two first surface mirrors reflect the sheet up to the 

top of the rails and then down through the center of the tank. The sheet is oriented to 

illuminate a thin cross-section of the fluid tank across its width. The laser sheet at the 

tank location is 4 mm thick at its half power points. The power intensity is at maximum 

on the tank centerline and decays by 10% at the tank edges. Disodium fluorescein dye is 

added to the bottom solution at a concentration of 0.84 mg/L. The laser excites the dye 

while the top fluid is clear against a black background. A CCD camera mounted to the 

sled captures the fluorescent images. The camera output is digitized by a PDIIMAXX 

MM board housed in a Macintosh Quadra 840AV computer. The computer digitizes and 

stores the images in RAM at the same resolution as the CCD. 

Two different cameras were used during the investigation. Initial experiments were 

conducted using a Sony XC75 camera with 768 x 494 active pixels. This camera outputs 

a standard NTSC video signal. The images were acquired from this camera as fields at 

60 Hz and half the vertical resolution. The camera used on later experiments was a 

Pulnix Progressive Scan TM-6701 that has 648 x 484 active elements and outputs a ftill 

frame at 60 Hz. This faster camera was used for most of the data presented here. 150 

frames were acquired during an experiment. Of these, 18 were used for analysis prior to 

impact and 56 were used after impact. Images after the shock absorber impact at the end 

of the experiment were acquired for possible later analysis. Figure 10 depicts a typical 

image of a flat interface obtained fi-om the Pulnix camera. 
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Figure 10. Typical fluorescent experimental image. 
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2.9 ACCELERATION MEASUREMENT 

Two accelerometers were used to measure the acceleration experienced by the fluid 

system. A "high-range" PCB model JQ353-B32 constant-current piezoelectric 

accelerometer mounted directly to the Plexiglas tank determined the body forces on the 

fluids during the impulsive acceleration. This accelerometer has linear response within 

1 % in the range of ± 100 g's, and has a —3 dB frequency response from 0.35 Hz to 15000 

Hz (I to 5000 Hz, — 5%). In addition, this accelerometer has a relatively long time 

constant (> 10 sec) which produces a very slow change in the zero level. It was 

originally planned that the long time constant of this accelerometer would allow for 

integration of the acceleration signal to obtain velocity and position data. However, the 

slight change in zero level results in too much drift to provide accurate integrations. 

Because the high-range accelerometer cannot accurately measure the low-level drag of 

the bearings, a second "low-range" Silicon Designs Model 2210-005 accelerometer was 

also used. This accelerometer has a range of ± 5 g's and a frequency response from DC 

to 1000 Hz (—3 dB). This accelerometer is able to accurately resolve the < 0.02go drag of 

the bearings. The signals from both accelerometers were digitized and stored by a 12 bit 

A/D converter housed in a dedicated PC. These signals were acquired at a rate of 33 

kHz. 
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CHAPTER 3. 

INITIAL CONDITIONS 

3.1 TEST FLUIDS 

The classic Richtmyer-Meshkov instability occurs between two different density, 

miscible fluids separated by a sharp interface. As shown earlier, the initial growth rate is 

proportional to the Atwood number. Therefore, miscible fluids with a large density ratio 

are desired to observe large growth rates. Planar Laser-Induced Fluorescence introduces 

the additional requirement of matching indices of refraction. Otherwise, the curved 

interface between the fluids at large disturbance amplitudes acts as a lens and distorts the 

laser sheet. This distortion prevents visualization of essential features. 

The lighter fluid used in these experiments was a water/isoproponol mixture, which 

had a 70% (by volume) concentration of isoproponol. The heavier fluid was a 

water/calcium nitrate salt solution, which had a 25% (by weight) calcium nitrate 

concentration. These two fluids are miscible and therefore do not have surface tension. 

Also, at the concentrations chosen, they have nearly equal indices of refi-action and a 

relatively large density ratio. The fluids were made in large batches, sufficient to conduct 

6-12 experiments. Property measurements were made on each batch to insure accurate 

results. To insure quality PLIF images, the indices of reflection for the fluids were 

matched for each batch. The index of refraction of the pre-mixed lighter fluid was 

measured with a handheld digital refractometer. The heavier fluid concentration was 

then adjusted to match the index of refraction of the lighter fluid. The densities of the 

fluids were subsequently measured using hydrometers. Because dissolving calcium 

nitrate salt in water is endothermic, care had to be taken that both of the fluids were at 
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room temperature when the final measurements were taken. The actual values varied 

slightly from batch to batch, but a typical batch had an index of refraction of 1.3720 and 

specific gravities of 0.8731 and 1.2025 for the two fluids. The resulting Atwood number 

was 0.1587. The kinematic viscosity of each liquid for one batch was measured using a 

viscometer. The viscosity of the lighter fluid was found to be 3.16 centistokes, and 

heavier fluid was 1.55 centistokes. Measurements of fluid density for each experiment 

are included in Appendix A. 

Planar Laser-Induced Fluorescence requires the presence of a fluorescent dye that can 

be excited by laser light source. The argon-ion lasers that were available in the lab 

produce 40% of their maximum power at 488 nm. This wavelength is an excellent match 

for disodium fluorescein, which has its peak absorption at 490 nm and peak fluorescence 

at 510 nm. Fluorescein dye is relatively eflflcient, inexpensive, and safe to use. However, 

60% of the power produced by the argon-ion laser is at wavelengths that are not as 

efficient at exciting this dye. These wavelengths do effectively scatter off small particles 

and thus increase background noise. Therefore, the laser in this study was operated in 

single-line mode lasing only at 488 nm in order to minimize this noise. The salt solution 

contained the disodium fluorescein dye at a concentration of 0.84 mg/L. The dye 

concentration was purposely kept low to reduce the absorption of laser intensity through 

the tank to less than 40%. The laser sheet intensity level is also 10% lower at the tank 

edges than in the center. These parameters create images that appear relatively uniform 

without effecting the data. 

The video acquisition digitizer gain and zero level were adjusted such that the 

background had an average intensity value slightly above the zero level, while the 

maximum intensity of the dyed fluid was set to be around 250 out of 256 discrete values. 

Figure 11 shows a histogram from a typical image of a flat interface (Figure 10 in 
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Figure 11. Histogram of fluorescent intensity from Figure 10, with black corresponding to 0. 
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Chapter 2.8). The dyed fluid has intensity values ranging from 100 to 250, with a broad 

peak from 150 to 200. The wide range in values for the dyed fluid is a result of the 

distribution in laser sheet intensity (the center part of a gaussian distribution) and the 

absorption of laser light as it passes through the fluid. The values in the range of 10 to 70 

are due to the reflection of fluorescent light off the sides of the container, while the 

background values range from 0 to 10. 
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3.2 INTERFACE GENERATION 

A sharp interface between the two fluids was desired to facilitate comparison with R-

M theories. The sharp interface was achieved by careful filling of the tank. The heavier 

bottom fluid was added first to the correct level. A water-saturated piece of balsa wood 

was then placed on top of the heavy fluid. The fully saturated balsa wood is slightly 

smaller than the interior dimensions of the tank. Initially saturating the balsa wood 

prevents the salt solution fi^om being absorbed into the wood and later diffusing out into 

the water/isoproponol solution. The lighter fluid was then dispersed just above the balsa 

wood through a small tube at a ver>' slow rate. During this process, the lighter fluid 

strikes the balsa wood, spreads out, and then gently rolls off the sides of the wood at a 

very small velocity. The balsa wood continues to float above the lighter fluid as the level 

is increased. As the balsa wood becomes farther removed from the interface, the flow 

rate of the lighter fluid is increased. The goal is to minimize the amount of mixed fluid 

produced by diffusion and convection. The total time required to add the second fluid, 

attach the lid, and begin the experiment was typically between 5 and 10 minutes. The 

resulting interface thickness was typically 1 pixel (0.21 mm) or less. However, slight 

optical distortion and limited camera resolution preclude the actual thickness from being 

accurately measured. Nevertheless, the interface is orders of magnitude thinner than the 

wavelength of the initial perturbation. Thus, the interface can be considered 

discontinuous for comparison with stability analyses. 

Normally, light rays are deflected as they pass through an interface between two 

fluids because of difference in index of refraction. Careful matching of the index of 

refraction of the two fluids minimizes this problem in these experiments. However, the 

thin layer of mixed fluid at the interface does not have the same index of refraction as the 

two bulk fluids. This mismatch results in a slight distortion of the laser sheet that is only 



Figure 12. An image showing the streaks beneath the vertical interface locations due to a slight index of 
refraction difference at the thin mixed interface. 

noticeable when the interface is nearly vertical. This distortion results in the streaks 

observed below the vertical interface locations, as shown in Figure 12. 

In some experiments, circumstances dictated that the filled fluid container not be 

immediately released. Instead, the container remained motionless for a period of 

minutes. The results obtained from these experiments were found to be in agreement 

with the normal experiments. However, mushroom shaped structures were observed to 

appear below the interface prior to release, as are shown in Figure 13. These structures 
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might indicate the presence of a double-diffusive instability. This instability might be 

caused by the fact that the diffusion of salt upward into the lighter fluid not only directly 

increases the density, but the resulting endothermic reaction also increases the density, 

possibly above the local density. However, after their initial formation, these mushroom 

structures remained motionless over a period of minutes. Therefore, their density is 

apparently at equilibrium with their surroundings, otherwise they would continue to 

evolve. Thus the variation in fluorescent intensity in these structures does not indicate 



Figure 13. An image showing the mushroom structures present in experiments that took longer than 
normal to release. 

density nonuniformity. The disodium fluorescein dye used is highly sensitive to 

contaminants and thus it is possible that small traces of isopropyl alcohol may have 

resulted in the observed changes in fluorescence. All measurements made on these 

experiments were in quantitative agreement with experiments without such structures. 

48 
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3.3 INITIAL PERTURBATION GENERATION 

The fundamental forms of R-M instability theories model the growth of a sinusoidal 

initial perturbation. To facilitate comparison with these theories, a sinusoidal internal 

wave was used as the initial perturbation for most of the experiments. Oscillating the 

tank containing the fluids in a sinusoidal motion produced the initial perturbation. When 

the oscillation is at the proper frequency, a sinusoidal internal standing wave is generated. 

This method of generation is able to produce perturbations having n +1 / 2 wavelengths 

across the tank width, where n is an integer. These different perturbations will be 

referred to as 1/2 wave, 1 1/2 wave, etc., referring to the number of waves inside the tank. 

The basic differential equations governing the small amplitude oscillating motion are the 

same as those used in the R-T and R-M stability analysis (see Chapter 1.2). The proper 

frequency for oscillation from linear theory is given by Equation (12): a) = -^kAgQ . 

However, it was found that forcing the fluid container at this frequency did not result in 

efficient wave generation. In addition, the perturbations generated at this frequency were 

found to not have a pure sinusoidal form. 

Attempts were made to determine the proper theoretical forcing frequency for the 

current experimental parameters. Corrections to linear theory were found in the literature 

for fluid viscosity and finite perturbation amplitude. Harrison (1908) developed a second 

order perturbation theory that also includes the effects of viscosity. Using the measured 

values of fluid viscosities, this viscous theory predicts a forcing frequency that is 1.2% 

lower than the linear, invisid theory. Thorpe (1968) developed a third order weakly 

nonlinear perturbation theory that also includes the effects of finite fluid depth. This 

solution yields a frequency 0.6% lower than linear theory for the 1 1/2 wave case with a 

ka^, (wavenumber x peak amplitude) of 0.3. Combining these theories yields an estimate 

for the correct forcing frequency that is 1.8% less than that given by linear, invisid 
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theory. However, when implemented this new frequency did not result in appreciably 

improved wave generation. One effect that these theories do not account for is the 

presence of the tank side walls. The side walls introduce a no-slip condition at the 

boundary, where the theories require nodes of maximum vertical velocity. An additional 

difficulty is that the phase relationship between the forcing function and the wave 

amplitude is not given by the theories. This relationship is critical since the tank must be 

released at the right phase of wave oscillation to produce large initial amplitudes. 

These problems required a separate experimental investigation to determine the 

optimal forcing frequency. Figures 14 and 15 show the peak wave amplitude Op and 

phase delay versus forcing frequency for a set of experiments with 1 1/2 internal waves 

and a horizontal forcing amplitude of 1.74 mm. The phase delay is the difference in 

phase between when the shaking motion has zero velocity and when the wave motion has 

zero amplitude. Thus, 0° phase delay occurs when a forcing velocity of 0 corresponds to 

a flat interface. The forcing frequency is given as the percentage difference from that 

predicted by linear theor>'. Note in Figure 14 that the peak amplitudes at the linear 

theoretical frequency and optimum forcing frequency differ by a factor of 2.5. There is 

correspondingly a difference in phase delay of nearly 70° (Figure 15) between these two 

conditions. 

Figure 16 shows the wave generation efficiency E = N versus phase delay, 

where N is the number of waves in the tank, Op is the peak amplitude of the waves, and 

is the peak amplitude of the tank oscillation. The forcing amplitudes for these 

experiments varied from 0.62 mm to 2.98 nmi and were conducted with 1/2 and 1 1/2 

intemal waves. The plot indicates that the wave generation is most efficient at a phase 

delay of 0°. The maximum efficiency is lower for shorter wavelengths, but still occurs 

when the phase delay is 0°. For 1 1/2 waves, the optimum forcing frequency at a forcing 
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Figure 14. Plot of peak wave amplitude versus frequency difference from linear theory for I 1/2 waves and 
forcing amplitude of 1.74 mm. 
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Figure 16. Plot of wave generation efficiency versus phase delay for 1/2 and 1 1/2 waves. 

amplitude of greater than 1.74 mm is -4.25% from theoretical. Experience indicated that 

the optimal forcing frequency for 1 1/2 waves increases to —3.75% from theoretical for 

small forcing amplitudes. This small change in the optimum frequency indicates that the 

finite amplitude effect is relatively small compared to the other effects. Other 

wavelengths are qualitatively the same, although the shorter wavelength experiments 

required forcing frequencies farther from theoretical. Note that the observed wavelength 

was not precisely tank width/(« + 1/2), but varied slightly depending on forcing 

frequency. The relationship of the phase delay on observed wavelength for forcing 

amplitudes ranging from 0.62 mm to 1.74 mm for 1 1/2 waves is shown in Figure 17. In 

this case, the wavelength expected based on tank width is 79.96 mm. The data shows a 

jump in wavelength from about 3% shorter than predicted based on tank width to 3% 

longer than predicted at a phase delay of 10°. All experiments performed after this 

analysis (for all wavenumbers) had wavelengths that were 3 ± 1 % longer than predicted 
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Figure 17. Plot indicating the jump in wavelength at a phase delay of 10 degrees for 1 1/2 waves. 

by tank width, indicating that they were generated with phase delay of less than 10°. 

This extensive analysis of internal wave production resulted in initial perturbation 

amplitudes that were predictable and a factor of two larger than in the earlier 

experiments. 
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3.4 RELEASE TIMING 

A large initial perturbation amplitude is desired in order to achieve large R-M 

instability growth rates. Oscillating the tank as described in Chapter 3.3 generated the 

initial perturbation. The tank oscillation was stopped prior to sled release to avoid 

introducing unwanted disturbances. The internal waves continued to oscillate until the 

sled was released, although with decaying amplitude. The large initial amplitude is 

achieved by releasing the sled at the proper time relative to the oscillating internal waves. 

If the wave generation is done at optimum conditions as shown in Chapter 3.3, then the 

perturbation amplitude is a{t) = Up sin(G)r), where (o is the oscillation frequency and t is 

the time after forcing has stopped. The conditions when cot = i} are a = ap sin(i?) and 

d = CO Up cos(t?). According to linear theory, when the sled is released, there are no body 

forces on the fluids and therefore the growth rate (i.e. d) of the interface remains 

constant. If the sled is released at phase 0, the amplitude at impact is then 

a, =apSin(i?) + {»apCos(i?)T, (16) 

where T is the time it takes the sled to travel down the rails to the spring. To maximize 

the amplitude at impact, (16) must be maximized with respect to i?. Maximizing (16) for 

the optimum delay for maximum impact amplitude yields 

t? = tan -I 
yCOTy 

(17) 

For the present experiments with a drop height of 55 cm, r is equal to 0.34 seconds. 

Thus, for 1 1/2 waves with co = 10.6/s, the optimum delay is 15°, or 25 ms. This delay 

results in an amplitude at impact nearly 4 times greater than the maximum standing wave 
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amplitude. With this knowledge, it was possible to generate such a large amplitude at 

impact that the interface was no longer single-valued prior to impact. Therefore, it is 

possible to generate the entire range of desired ka^. Because the timing of release is 

critical to achieve this large impact amplitude, the motion controller used to control the 

oscillation mechanism was also used to trigger the release of the sled at the proper time 

and to initiate data acquisition. 

3.5 MULTI-MODE GENERATION 

The motion controller driving the linear actuator is also capable of generating 

arbitrary motion. This feature was employed to oscillate the tank with the superposition 

of two or more different frequencies. The result is a multi-mode initial perturbation that 

was formed from the combination of two or more sinusoidal modes. For the single-mode 

cases, the shaking motion started and ended when the shaking velocity was zero. 

However, this timing requirement cannot be met in the multi-mode cases. In general, the 

two forcing frequencies are not integer multiples, thus it is not possible to start and end 

the forcing when the shaking velocity is zero for both modes. Since the time just prior to 

release is the most critical, the shaking was stopped when the tank velocity was zero. 

Therefore, there was a jerk on shaking initiation for one or more wave modes. However, 

the fluid oscillation lasted for a sufHcient time such that the wave motion achieved a 

steady state, and the initial jerk did not effect the final wave form. 
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CHAPTER 4. 

DATA ANALYSIS 

4.1 REQUIREMENTS 

One of the primary goals of this study is to compare the experiments with existing 

analytical theories, which provide perturbation amplitude as a function of time. The 

measurements required for this comparison are the perturbation wavelength, the 

perturbation amplitude-time history, the Atwood number (which is related to fluid 

densities), and the acceleration-time history. The assumptions used are 2-D flow, zero 

surface tension, and a sharp (i.e. discontinuous) interface. 

The fluid densities were measured before an experiment utilizing suitable 

hydrometers. The perturbation wavelength and amplitude-time history were obtained 

from video images of the interface. The video data was captured at 60 Hz from a CCD 

camera. The acceleration-time history of the system was measured by onboard 

accelerometers. The data from two accelerometers (high- and low-level) was acquired at 

33 kHz. The start of accelerometer data acquisition was coordinated with the vertical 

sync of the CCD camera. Therefore, the video and accelerometer data could be time 

correlated. There is a known time delay between camera exposure and acceleration 

acquisition start. However, the time delay is only known to within an integer mmiber of 

frames, i.e. the delay was 0.36 ms ± w x 16.683 ms. The relatively small time scale of the 

experiment made it relatively easy to determine the correct frame differential, with an 

incorrect value giving obviously erroneous results. Chapters 2.8 and 2.9 give a complete 

description of the data acquisition system. 
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4.2 ACCELERATION MEASUREMENTS 

Analyzing the acceleration data was relatively simple because the accelerometers 

were calibrated at the factory and the A/D board had known gain levels (which were 

verified). The low-level accelerometer was calibrated for constant (DC) acceleration 

since its main function was to determine the nearly constant bearing drag of the system. 

Analysis of the low-level accelerometer showed that the drag of the bearings on the sled 

was nearly constant and low at 2% of gravity or less. It was subsequently assumed that 

the fluids underwent a nearly impulsive acceleration followed by true freefall conditions. 

4.3 IMAGE MEASUREMENTS 

4.3.1 Image Scale Factor 

Measurements required from the video images are the wavelength and amplitude of 

the perturbation. This data requires knowledge of the length scales of the image. The 

first step in this process was to take an image of a grid of known dimensions inside the 

water-filled tank. Two sets of points on the grid, one set at the top and the other at the 

bottom, were measured to determine the relationship between horizontal pixel distance 

and physical distance. The difference in scale factors from top and bottom, which could 

be caused by a slight tilt of the grid, was in all cases less than 0.25%. The top and bottom 

scale factors were averaged to yield an average scale factor for the horizontal size of a 

pixel, allowing for converting of length measurements in pixels to physical units. The 

relationship between vertical and horizontal scale factors is given in the camera 

specifications and was verified by similar grid calibration. Measurements were also 

taken to verify the absence of pincushion distortion from the lens. The scale factor was 

further compensated (0.4%) for the index of reflection of the actual test fluids, which was 

slightly different from the water employed in the grid calibration procedure. 
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4.3.2 Density Interface Location 

Determining the perturbation wavelength and amplitude requires distinguishing 

between the two fluids. This was a relatively simple process because of the care taken in 

the tank filling process. The interface between the fluids was quite distinct and the visual 

thickness was t>'pically 1 pixel (0.21 mm). A macro program written in NIH Image 

(image processing software) uses a Sobel edge detection routine to find the two 

dimensional gradient of the 8-bit pixel intensity. The interface was assumed to be at the 

location of maximum intensity gradient. Figures 18 and 19 show a sample of an original 

image and the resulting edge-detected image. Figure 20 shows a close-up of the crest of 

the right perturbation. The edge detection routine automatically limits values from the 

image math routine to 255. This limit corresponds to an intensity gradient of 32/pixel. 

With an interface thickness of approximately 1 pixel or less, the Sobel edge detection 

method results in 2 or 3 vertical pixels having a high intensity gradient (32/pixel or 

greater). When two pixels at location j and j + 1 have a high gradient, the interface was 

assumed to between the pixels at j + 0.5. When three pixels aty - 1and j + I have a 

high gradient, the interface was assumed to be located at the middle pixel j. This method 

should locate the interface to an accuracy of ± 0.5 pixel. Data taken using this method 

was compared to data taken using a human estimation of the point of maximum gradient 

and was found to give identical results (within experimental uncertainty). 
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Figure 18. An image from an experiment shows the clear top fluid and the fluorescent bottom fluid. 

Figure 19. An image obtained from the edge detection routine operating on Figure 18. 
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Figure 20. Close-up ofFigure 19 showing the crest of the right perturbation. 
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4.3.3 Perturbation Wavelength 

The wavelength of the disturbance was measured using two different methods. When 

the disturbance was relatively large in amplitude, the wavelength was measured using the 

horizontal distance between the crest and trough nearest to, but not on, the wall. Thus, 

for n+Ml internal waves, the span of the central n-\ri waves was measured. For small 

amplitude disturbances, where it was difficult to accurately determine the locations of the 

crests and troughs, a different method was employed. This method used an edge-detected 

image that was laboriously cleaned of extraneous edges. This image was then 

thresholded to show only pixels with an intensity gradient > 32/pixel. A NIH Image 

macro then converted this black and white image to a set of points corresponding to the 

vertical center of the interface at every other horizontal pixel location. The points were 

imported into Kaleidagraph and curve fitted with a sine wave of unknown amplitude, 

wavelength, and phase. An additional correction for the slight tilt of the interface relative 

to the camera was also incorporated. The parameters from the curve fit were used to 

determine the wavelength and amplitude of the perturbation. Figure 21 shows the curve 

fit from a typical small amplitude experiment. This curve-fitting method was also used 

on some larger amplitude cases, which gave identical (within experimental uncertainty) 

results to the peak location measurement method described earlier. 

The measured wavelengths for the I 1/2, 2 1/2 and 4 1/2 wave experiments were 

2.9%, 3.5%, and 2.7% respectively greater than that given by dividing the tank width by 

the number of intemal waves. These measurements have standard deviations of 0.59%, 

0.45%, and 0.24%. It is believed that the wavelengths were slightly larger than expected 

because of edge effects, as is discussed in more detail in the Chapter 3.3. These 

wavelengths were measured just prior to the fluids impacting the spring. As the R-M 

instability evolves and the perturbation grows larger in amplitude, the wavelength 
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Figure 21. Sinusoidal curve fit to an edge-detected image of a small initial amplitude experiment. 

shortens and approaches the wavelength predicted based on tank width. This change was 

approximately 3% and thus was considered small enough to ignore in this analysis. 

Because there were no internal perturbation crests or troughs to measure in the 112 wave 

case, it was assumed that the wavelength was 3% greater than twice the tank width, 

similar to the higher wavenumber cases. Curve fitting the initial perturbation in 1/2 wave 

experiments with larger initial amplitudes verified this assumption. 
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4.3.4 Perturbation Amplitude 

The amplitude of the perturbation was measured using the Sobel edge-detected 

images. These images were used to find the highest and lowest point of the crests and 

troughs of the perturbation as a ftmction of time, as shown in Figure 22. This method 

locates the crests and troughs to within ± 0.5 pixel (see Chapter 4.3.2). In the very small 

amplitude perturbation cases (when the amplitude was less than 10 pixels), this 

measurement method was is only accurate to within 5%. Therefore, the curve-fitting 

method employed to determine the wavelength was also used to determine amplitude. 

The more tedious curve-fitting method was also attempted on some larger amplitude 

cases, and gave identical (within experimental uncertainty) results when the perturbation 

was still sinusoidal in shape. The crest and trough at the wall were not measured due to 

possible wall effects, except for the 1/2 wave case in which the only crest and trough is 

located at the side wall. In the 1 1/2 wave case, the heights of the central crest and trough 

were measured to determine perturbation amplitude. The height difference is equal to 

twice the perturbation amplitude. In the 2 1/2 wave case, heights of the central two crests 

and troughs were measured, and in the 4 112 wave case, the central three crests and 

troughs were measured. 

Tlie images showed that there was a slight tilt present in the interface for the 2 1/2 

and 4 1/2 wave cases when the amplitude became large. This may have also been present 

in the 1 1/2 wave case, but is indistinguishable fi-om the wall effects. This tilt may have 

been the result of the interface not being perpendicular to the walls, or the result of a low 

amplitude 1/2 wave perturbation also present in the initial interface. To remove this tilt 

from the amplitude of the fundamental wavelength, a more sophisticated algorithm was 

used to determine the perturbation amplitude. Straight lines were fit through the 

locations of both the crests and troughs, and the height difference between these lines at 
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Figure 22. Plot of crest and trough location versus frame # for a 1 1/2 wave experiment. 

the center of the tank was used to determine the amplitude. The tilt was small enough 

that the difference between this algorithm and the simple average difference was 

approximately 5% at late times. 
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4.4 EQUATION OF MOTION INTEGRATION 

Richtmyer's (1960) linear stability analysis (Chapter 1.2) effectively begins with the 

following differential equation derived by Taylor: 

d{t) = -kA g{t) a{t) (10) 

The fluids experience a nonzero body force when the sled is in contact with the spring, 

and are in freefall otherwise. Therefore, integrating Equation (10) over the time that the 

sled is in contact with the spring yields predictions of the perturbation amplitude and 

velocity. The integration interval was determined using the acceleration data, as in 

Figure 23. The perturbation amplitude measurements between sled release and spring 

contact, as in Figure 24, were used to determine the initial conditions for the integration 

routine. These measurements were curve fit to determine the amplitude and growth rate 

at the precise time of impact. For the smaller initial perturbations, a straight line fit of the 

amplitude data was found to be the most accurate. However, if ka^ was greater than 0.20, 

a 2nd order polynomial yielded a more accurate value. This method provides an accurate 

determination of the amplitude and growth rate just prior to impact. The differential 

equation was then numerically integrated during the impulsive acceleration using the 

digitized acceleration data and the known initial conditions. The results were the linear 

stability theory predictions for perturbation amplitude and velocity, as shown in Figures 

25 and 26. 
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Figure 23. Plot of the body force on the fluids versus time for a typical experiment. 
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Figure 24. Plot of perturbation amplitude versus time before spring impact along with a second order 
polynomial fit. 
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Figure 25. Plot of velocity versus time from linear theory for a typical experiment. 
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Figure 26. Plot of amplitude versus time from linear theory for a typical experiment. 
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CHAPTER 5. 

RESULTS AND DISCUSSION 

5.1 SINGLE-MODE INITIAL PERTURBATIONS 

5.LI Introduction 

The simplest case of Richtmyer-Meshkov instability to study is that of the small 

amplitude, single-mode, sinusoidal perturbation with a sharp interface. Figure 27 is a 

sequence of PLIF images showing the evolution of such an instability. The instability is 

generated from a sinusodial perturbation with an initial amplitude ita, = 0.23 with 1 1/2 

waves inside the experiment tank. The first image was taken just before the sled 

impacted the spring and thus shows the initial interface shape. The impulsive 

acceleration in these experiments is directed from the heavier fluid into the lighter fluid, 

with the resulting body force on the fluids acting in the opposite direction. This direction 

causes the initial perturbation to invert before growing in amplitude. Immediately after 

inversion, the interface retains a sinusoidal shape, but by image (b) the interface is 

starting to lose its sinusodial shape. However, with time vorticity begins to concentrate at 

points midway between the crests and troughs. Vorticity is deposited along the interface 

by baroclinic torque during the acceleration pulse. The vorticity concentrates at the point 

of maximum initial interface slope, which is also the location of the maximum generated 

vorticity. The resulting vortices produce the symmetric mushroom pattern typical of the 

R-T and R-M instability. 

As time advances, these vortices appear to grow in size as the interface rotates around 

their centers to form a spiral pattern. The interface is multi-valued by image (c), and the 

vortex has completed several turns by image (1). Note that the interface retains its top-to-



Figure 27. A sequence of images from an experiment with 1 1/2 waves and ka; = 0.23. Times relative to 
the midpoint of spring impact are (a) -14 ms, (b) 102 ms, (c) 186 ms, (d) 269 ms, (e) 353 ms, (f) 436 ms, 
(g) 529 ms, (h) 603 ms, (i) 686 ms, 0) 770 ms, (k) 853 ms, and (1) 903 ms. 
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Figure 28. A close-up of a vortex core showing the distortion of the vortex tip. 

bottom symmetry well into the nonlinear regime. This symmetry is characteristic of the 

R-M instability with small density differences. The interface between the two fluids also 

remains sharp throughout the experiment. The effects of the side walls observed in these 

experiments is small. A thin boundary layer is apparent on the right wall, and a small 

vortex forms on the left wall. As the instability develops, the tips of the vortex spirals 

evolve into a hammerhead type form, as in Figure 28. The outer half of the tip will 

eventually extend over 360° before becoming too fine to observe. 

Figures 29 and 30 show similar sequences with different perturbation wavelengths. 

Figure 29 shows the growth of the R-M instability with a 1/2 wave perturbation. While 

the final perturbation amplitude is as large as the 1 1/2 wave case in Figure 27, the 

interface has not yet become double-valued. The important parameter is the 
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Figure 29. A sequence of images from an experiment with a 112 wave and kai = 0.06. Times relative to the 
midpoint of spring impact are (a) -13 ms, (b) 120 ms, (c) 204 ms, (d) 270 ms, (e) 354 ms, (t) 437 ms, (g) 
504 ms, (h) 587 ms, (i) 671 ms, G) 738 ms, (k) 821 ms, and (I) 904 ms. 
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Figure 30. A sequence of images from an experiment with 2 112 waves and kai = 0.16. Times relative to 
the midpoint of spring impact are (a) -25 ms, (b) 92 ms, (c) 175 ms, (d) 259 ms, (e) 342 ms, (f) 426 ms, (g) 
509 ms, (h) 592 ms, (i) 676 ms, U) 759 ms, (k) 843 ms, and (l) 909 ms. 
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nondimensional amplitude ka, which is still small in the 1/2 wave case. Figure 30 is a 

sequence of images from a perturbation with 2 1/2 waves. One can see that the features 

are qualitatively the same as observed in the 1 1/2 wave case. Appendix A gives a 

complete listing of the experiments presented, along with the experimental parameters. 
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5.1.2 Flow Dimensionality 

Early experiments were conducted with the 25.4 mm thick tank, but as the 

experimental techniques were improved and higher growth rates were obtained, it was 

determined that presence of the front and back walls were effecting the results. These 

effects were investigated by rotating the laser sheet to illuminate a cross section of the 

flow across the tank thickness. The sheet was located on the center of the crest where the 

fluid velocities are the highest. A side view image from such an experiment is shown in 

Figure 31. This image shows the presence of wall vortices that travel towards the center 

of the tank. For sufficiently large initial growth rates, these wall vorticies would extend 

to the center of the tank and into the normal laser sheet location. The result was the 

appearance of halo-like structures over the perturbations. 

In order to eliminate the front and back wall effects, a larger 50.8 mm thick tank was 

substituted. The wall effects in the thicker tank are shown in Figure 32 for one of the 

largest perturbations observed. Note that the optics only allowed visualization of the 

right 2/3 of the tank thickness, thus the tank centerline is located in the middle of the 

central fluid depression. This image shows that the wall disturbance does not influence 

the center flow in the thicker tank. However, note that there still is a slight amount of 3-

dimensionality present in the form of vortices on the front and back walls. Most of the 

experiments presented employ this thicker tank. 
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Figure 31. Side view from an experiment with the 25.4 mm thick tank. 

Figure 32. Side view from an experiment with the 50.8 mm thick tank. 
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5.1.3 Linear Growth Regime 

Richtmyer's (1960) linear stability theory (see Chapter 1.2) shows that the amplitude 

of the interface satisfies the following equation: 

dit)  = -kAg{t)a{t) (10) 

Note that when the gravitational acceleration is zero, as when the sled is in freefall, the 

theoretical growth rate of the interface is constant. By using the measured amplitude and 

velocity prior to impact, along with the time-correlated accelerometer data, this 

differential equation can be numerically integrated to determine the theoretical post-

impulse amplitude and velocity (Refer to Chapter 4 for a detailed treatise of the data 

analysis technique). Note that in these experiments the acceleration pulse results in the 

temporary stabilization of the interface. Therefore, the amplitude of the crests and 

troughs decreases while under acceleration. However, the interfacial velocity achieved is 

high, and this velocity remains after the acceleration pulse. This results in the inversion 

of the interface, and the subsequent rapid growth of the perturbation. 

Figure 33 shows the early time behavior of the amplitude for the single-mode 

experiments. The amplitude is made nondimensional in this plot using the disturbance 

wavenumber k. A nondimensional time is computed using the wavenumber k and the 

theoretical initial growth rate derived from the integration routine. Note that / = 0 is 

the theoretical time that the amplitude would be zero, computed using the post-impulse 

theoretical amplitude and velocity. Linear theory using these nondimensional quantities 

has a growth rate of 1, and is shown by the solid line. The experiments show excellent 

agreement with linear theory up to ka^t = 0.3 and are within 10% of the theory at ka^t = 

0.7, where nonlinear effects start to become important. It should be noted that linear 
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Figure 33. Plot of early-time, nondimensional amplitude versus time data along with linear theory. 

theory is derived assuming lkal << 1. Thus, linear theory is surprisingly accurate at 

moderate values of ka. Also, the kai (dimensionless amplitude before impact) for these 

experiments ranged from 0.07 to 0.85. Thus, kai does not seem to effect the agreement 

with linear theory. 

77 



78 

5.1.4 Weakly Nonlinear Growth Regime 

Figure 34 shows the intermediate-time amplitude measurements, along with two 

theories developed by Zhang and Sohn (1997). The first is a weakly nonlinear fourth 

order perturbation theory for amplitude. This theory was developed in much the same 

manner as Richtmyer's (1960) original theory. The theory assumes an asymptotic 

expansion for the surface elevation 

77 = 7/"'+77'''+... (18) 

where 77'"' oc The solution obtained by Zhang and Sohn is 

rj'" = (1+ crr)a, cos(fcc) (19) 

77''' = T A kafa^r cos(2kx) (20) 

77'^' =-^k-a^a]^AA- +l)<T^/^ 4-3or" +6/]cos(fcr) 

- l)cr-r^ -3or^jcos(3fcc) 

77'"*' = +6Aot' + Ar]cos(2fcc) 

+-iYA:^a/<r[(8A^ -4A)<j^t'* - SAa't^ +3AOT^]cos(4fcc) 

(21) 

(22) 

where a = —kAAV and is related to the initial growth rate by 

(23) 

The equations are valid for a true impulsive acceleration with the body force directed 

from the light to the heavy fluid. By noting that the measured amplitude (as defined in 
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Figure 34. Plot of intermediate-time, nondimensional amplitude versus time data along with two curves 
based on perturbation theories. 
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this study) is a function of only the odd terms and taking the limit as ai approaches 0 

while <J ai =constant= a0 , the equation for overall amplitude (peak-to-peak amplitude/2) 

can be written as 

(24) 

Note that the fourth order term does not contribute to the overall amplitude. The 

amplitude equation is a function of Atwood number, and is shown in Figure 34 for a 

representative experimental value of0.155. This solution agrees with experimental data 

to within 10% up to ka0 t = 1.3, but then rapidly becomes invalid due to its cubic form. 

Recognizing the limited range of validity of this type of solution, Zhang and Sohn 

(1997) differentiated the amplitude perturbation expansion to develop a perturbation 



80 

expansion for the bubble, spike, and overall growth rate. Fade approximants where then 

used to extend the range of validity of the theory. The approximant developed for the 

rate of change of overall amplitude is 

« = ; f , , —,, , , . (25) 
I + k'a^Qit + maxjO, k'a^ — A' + ̂ k'aQr 

This equation is based on the P2 Fade approximant when ita, > A" —y, as is the case 

with the present experiments, and on the P° Fade approximant when ka^ < A~ -j- By 

again taking the limit as a/ approaches 0 while <Ta, = constant = , the equation can be 

rewritten for ka^ > — y as 

kd = 7 (26) 

Integrating this expression yields: 

ka = , ^ ^ tan"' A" kOf^t^ . (27) 
A. 

Evaluating this equation using a representative value of 0.155 for the Atwood number 

results in the curve shown in Figure 32. This expression extends the range of agreement 

(to within 10%) for this theory to kd^t = 3. 
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5.1.5 Fully Nonlinear Growth Regime 

The nonlinear effects on growth become more pronounced at longer nondimensional 

times, as shown in Figure 35. The amplitude growth rate continues to decrease as the 

instability evolves. The interface becomes double valued at ka^t = 1.5. and the flow 

resembles a concentrated vortex flow more than one with a distributed vorticity. Note 

that only a fraction of the data points for a given experiment are plotted in Figure 35 to 

allow for discrimination between the different wavenumber cases. The effects of the side 

walls become much more noticeable at very late times. Figure 36 shows an experiment 

with 2 1/2 waves where the vortices are no longer aligned in a horizontal plane. This 

misalignment results in the measured perturbation growth rate increasing, as seen in 

Figure 35 when ka^t is greater than 35. Thus, in this case the amplitude data is no longer 

representative of the imbounded 2-D flow. The comparisons with theory will be limited 

to the range where the flow appears to be uninfluenced by the walls, as shown in Figure 

37. 

Figures 35 and 37 also show that the higher wavenumber experiments extend for a 

longer nondimensional time. There are two reasons for this greater time duration. One 

reason is the field of view limits the maximum measurable amplitude a. This amplitude 

limitation results in a different maximum measurable ka for each wavenumber k, and thus 

indirectly limits the maximum measureable kd^t. This limitation restricts the 1/2 wave 

case and the 1 1/2 wave case measurements. The other reason is due to time limitations. 

Theory yields that Oq is an increasing fimction of ka^. However, the desire to have a 

single-valued initial perturbation limits /ta, and thus limits the maximum to roughly 

the szime value for all wavenumbers. Therefore, since the drop tower limits time i 

independently of wavenumber, the maximum kd^t achievable is an increasing function of 

k. This nondimensional time limitation applies to the 2 1/2 and higher wave cases. 
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Figure 35. Plot of very late-time, nondimensional amplitude versus time data. 

While the amplitude data collapses very well when plotted using the nondimensional 

time and amplitude, there is one trend apparent. When comparing experiments with the 

same wavenumber, the experiments with lower a0 have slighter lower amplitude at late 

times. One explanation for this is the existence of a slight bearing drag on the system, 

which is approximately 2% of gravity. This drag deposits additional vorticity on the 

curved interface due to baroclinic torque, altering its growth rate. The drag is slightly 

destabilizing during the short time the sled is traveling upward. However, the more 

significant contribution is when the sled is traveling down the rails. The longer time 

duration and greater perturbation curvature at the later time make the contribution from 

this downward travel more significant. As the sled travels down the rails, the bearing 

drag is stabilizing and thus reduces the instability growth rate. The effect of drag is more 

apparent on the slower growing runs. For a given nondimensional time, a slower 

growing run has longer real time over which the drag acceleration acts. This longer real 



Figure 36. A sequence of images showing the side wall effects at very late nondimensional times. Times 
relative to the midpoint of spring impact are (a) -15 ms, (b) 85 ms, (c) 169 ms, (d) 252 ms, (e) 335 ms, (f) 
419 ms, (g) 502 ms, (h) 586 ms, (i) 669 ms, G) 752 ms, (k) 836 ms, and (I) 919 ms. 
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Figure 37. Plot of late-time, nondimensional amplitude versus time data along with curves from several 
nonlinear theories. 
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time results in a lower amplitude at a given nondimensional time. The deceleration effect 

is more apparent in the 2 1/2 wave cases. The 2 112 wave case seems to suffer from more 

of this effect because of the greater experimental span of a0 at the nondimensional times 

where the drag effect is noticeable. This larger span of a0 is the result of apparatus 

limitations. The net overall result is a drag-free experiment should tend towards the 

upper limit of the present experiments. 
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5.1.6 Vortex Model 

Jacobs and Sheeley (1996) noted that the vorticity in these experiments eventually 

coalesces into nearly discrete point vortices. They subsequently modeled the flow as a 

row of line vortices of alternating sign, as shown in Figure 38. This theory was 

developed assuming an Atwood number of zero. The vortices generate a flow field given 

by the streamfunction 

where F is the circulation of each of the vortices. This circulation can be calculated by 

integrating the vorticity along a half wave using the post-impulse growth rate and 

vorticity distribution from linear stability theory: 

The position of the maximum vertical velocity v and thus maximum interface distortion is 

located midway between the vortices. The velocities of the interface at x = 0, ±7t/k, -izlTt/k 

are given by: 

F . ( cosh(/5^) + smCfcc) ̂  
—in , 
An l^cosh(i^^) —sinCfcc)^ 

(28) 

(29) 

^ (30) 
dt 2n cosh(i!:y)' 

M = 0, (31) 

or 
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Figure 38. Diagram of the configuration used in the vortex model analysis. 

The amplitude of the disturbance can be found by integrating 

ka =  f  k v d t .  (33) 

yielding: 

-  ( 2  
ka = s\nh ' —kao(t — t ) + sinh(ka ) (34) 

where tp and Op are the time and amplitude, respectfully, when the vorticity is assumed to 

concentrate to a point. Since for large values of x, sinh"'(jc) = ln(2x), this model gives 

logarithmic late time growth, with late time velocity equal to 

v = -^. (35) 
kt 

Shown on Figure 37 is a curve generated from Equation (34) assuming the vorticity 

concentrates immediately after impact, i.e. ka^tp = 0. Note that this model gives an 

initial growth rate of 2/7C, lower than the growth rate of 1 given by linear theory. 

However, linear theory assumes a sinusoidal vorticity distribution, rather than point 

vortices. Since the vorticity in the experiments does not concentrate until later, the 

condition kd^tp = 0 can be viewed as a lower bound on the amplitude. This curve seems 
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to have the general shape of the experimental curve, but with reduced amplitude. At late 

times, it appears to yield excellent agreement with the experimentally observed growth 

rate, and differs by less than 10% in the amplitude. Also shown in Figure 37 is a curve 

generated assuming the vorticity concentrates at kaotp = 6 {kap = 2.4), roughly when the 

vortex has formed 2 turns. This assumption reduces the difference late-time amplitude 

to less than 5% over the range tested, while still appearing to give good agreement on 

growth rate. Note, however, that this model assumes an Atwood number of 0, while the 

experiments have A =0.155. 



88 

5.1.7 Combined Model Equation 

Sadot et al. (1998) used the results of several models to develop rational equations for 

the bubble and spike velocities. A bubble is a light fluid perturbation into the heavy 

fluid, while a spike is a heavy fluid perturbation into the light fluid. These equations 

satisfy the weakly nonlinear perturbation solution for the early growth stages to second 

order, and also asymptote to a velocity proportional to Mt. The expression for the bubble 

and spike velocities is: 

where 

By,,=U,k, (37) 

D„,={\±A)Uok, (38) 

(39) 
1 4- A 2JtC 

In these expressions, the plus sign is used for the bubble velocity and the minus sign is 

used for the spike velocity. At small /, the bubble and spike velocities are given by: 

U,,,=Uo{\ + AkU,t). (40) 

Equation (40) is identical to the first two terms of the fourth order weakly nonlinear 

perturbation theory in Zhang and Sohn (1997). At large t, the bubble and spike velocities 

are given by; 

r _ 2kC{\ + A) 
i t ( l±A)r 

(41) 
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Therefore, the constant C is a function of the asymptotic velocity of the bubbles and 

spikes. The values for C listed in Sadot et al. (1998) are obtained from the computations 

of Alon et al. (1995), which are 1/37C for A > 0.5, and l/2n for ^ ^ 0. However, this 

constant can be derived using methods similar to those in Takabe and Yamamoto (1991) 

for the R-T bubble. If one has a 2-D structure such as the R-M bubble, the differential 

equation for the velocity is: 

(A + xrp,) V ̂  = -Co Sp.Ul +ip,-p2)Vg (42) 
dt 

where V is the structure volume, 5" is the structure surface area, Co is the drag coefficient, 

and jcis the virtual mass coefficient. The densities of the light and heavy fluid are p\ and 

pi, respectively. Equation (42) is a simple force balance equation with acceleration, drag, 

and buoyancy terms. If k:= 1 as for a circular cylinder, V/S « A «= 1/^^, and g = 0, the 

solution for the bubble velocity is: 

t / z , « 7 7 — — ( 4 3 )  
A:(I +A)/  

The same procedure can be used for a R-M spike, yielding: 

t/,oc 1 . (44) 
k ( l - A ) t  

Note that Equation (35), developed using the vortex model with A =0, yields the 

asymptotic velocity U = \lkt for both bubble and spike. Therefore, the proportionality 
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constant can reasonably be assumed to be 1 for both bubble and spike. Note that 

Equations (43) and (44) do not apply when = 1, in which case the drag is theoretically 

zero and Equation (42) is not applicable. Equations (43) and (44) can be used with 

Equation (41) to solve for C, yielding: 

C = . (45) 
(l-t-A)2;r 

This constant C equals l/3n atA = 0.5 and \/2n at A =0, which is identical to that found 

by the computational results in Alon et al. (1995). Note that Alon et al. report using the 

same procedure to obtain an asymptotic R-M spike velocity lA/ki\ -  A)t. 

However, their result differs from the one derived here. 

The pertiu-bation amplitude can be found from this model by integrating ±e bubble 

and spike velocity (Equation (36)) separately. The resulting overall amplitude (bubble + 

spike /2)is plotted on Figure 37 for C = \/2k. The curve shows good agreement with 

early-time data, but overestimates the late-time amplitude by 10%. This late-time error 

can be attributed to the incorrect modeling of the asymptotic velocity for the nonzero 

experimental Atwood number. Also shown on Figure 37 is a curve generated by 

integrating Equation (36) using C = 1/(1 + A)27C for a representative A of 0.155. This 

curve appears to correctly model the initial growth rate, as well as the late-time 

asymptotic velocity. This modified combined model equation shows much better 

agreement with the late-time amplitude data and appears to accurately predict the 

perturbation amplitude data over the entire time duration investigated. The agreement is 

especially good if one considers that the stabilizing effects of bearing drag slightly reduce 

the amplitude at late times. However, this equation does not intrinsically solve the flow 

field. The equation simply matches both the early-time and late-time growth rates. 
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5.1.8 Bubble and Spike Measurements 

The overall amplitude measurements discussed in the previous sections can not 

discern differences between the bubble and spike amplitudes. A bubble is defined as a 

light fluid perturbation into the heavy fluid, while a spike is a heavy fluid perturbation 

into the light fluid. As the Atwood number of the system approaches zero, the bubbles 

and spikes become symmetrical about the initial flat interface. Thus, the bubbles and 

spikes have the same amplitude growth rate and cross-sectional shape. However, at 

larger Atwood numbers, differences between ±e bubbles and spikes become apparent. 

The heavier spikes grow faster than the lighter bubbles. The spikes also have a smaller 

width than the bubbles. In these experiments with Atwood number of 0.155, there is a 

small but measurable difference between the bubbles and spikes. 

Figure 39 shows the separate bubble and spike amplitudes for a subset of the 

experiments. The amplitude is measured relative to the location of the flat interface prior 

to impact. The initial growth rates of the bubbles and spikes are the same, as predicted 

by weakly nonlinear theory. However, the spike amplitude is 10% greater than the 

bubble amplitude at koat = 1.0, and 30% greater at late times. Also shown of Figure 39 

a r e  t h e  i n t e g r a t e d  s o l u t i o n s  f o r  b u b b l e  a n d  s p i k e  a m p l i t u d e  f r o m  C h a p t e r  5 . 1 . 7  ( S a d o t  e t  

al. 1998). These solutions use the derived constant C (Equation (44)) that more 

accurately models the late-time growth rate for a representative experimental Atwood 

number of 0.155. Again, this modified model shows good agreement with the 

experimental results for the Atwood number used. Experiments at other Atwood 

numbers are necessary to determine whether the expression has the correct Atwood 

number dependence. 
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Figure 39. Plot of separate bubble and spike amplitudes versus time along with a theory from Sadot et. al 
with modified constant C. 
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The cross-sectional size and appearance of the bubbles and spikes also changes with 

Atwood number. One method to quantify the shape is the radius of curvature for the top 

of the spike and the bottom of the bubble. The radius was measured for the same subset 

of experiments as the bubble and spike amplitude measurements. A curve-fitting routine 

was applied to edge-detected images over the top half of the spike and the bottom half of 

the bubble. The curve-fit was a circular arc segment with an unknown radius and center. 

As shown in Figure 40, the top half of spike is an excellent fit to a circular arc. The 

agreement for spikes was excellent throughout the time duration investigated. The 

bubbles also fit a circular arc very well through most of this time. However, near the end 

of the experiments, a radius fit to the bottom half of the bubble is 5% greater than a fit to 

the bottom quarter of the bubble, indicating the shape was becoming less circular. 
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Figure 40. Plot of a circular curve fit to the top half of a typical spike. 
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Figure 41. Plot of separate nondimensional radius versus amplitude for bubbles and spikes. 
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Figure 41 shows the nondimensional bubble and spike radius of curvature kR versus 

bubble and spike amplitude ka. Note that when the perturbation is sinusoidal, kR should 

equal Mka and thus is infinite when the amplitude is zero. As the perturbation grows, it 

loses its sinusoidal form and the radius reaches a minimum value before the interface 

becomes double-valued. The spikes appear to reach a minimum kR value of 1.55 at to = 

1.1. The bubbles reach a minimum kR of 2.0 at to = 1.2. After reaching a minimum 

value, the bubbles and spikes appear to grow linearly with amplitude over the time 

investigated. However, unless the circular region decreases with time, this linear 

relationship cannot hold at late times because the bubbles and spikes cannot physically 

overlap. Note that Hecht et al. (1994) claim the nondimensional bubble kR approaches 3 

for = 1. This limit is not approached in these experiments. However, the current 

Atwood number of 0.155 does not allow for direct comparison to the A = I case. 
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5.2 MULTI-MODE INITIAL PERTURBATIONS 

5.2.1 Introduction 

Linear stability theory for the Richtmyer-Meshkov instability is valid for small 

amplitude perturbations. This small amplitude assumption precludes interactions 

between different wave modes. Therefore, linear theory is applicable to interfaces with 

combinations of different wavenumbers. Multi-mode interfacial perturbations were 

generated in this study by oscillating the fluid container with a combination of two or 

more different frequencies (see Chapters 3.3 and 3.5). Figure 42 is a sequence of images 

showing the evolution of an experiment with a combination of 1 1/2 and 2 1/2 waves as 

the initial pertiu-bation. Image (a) was taken slightly before the impulsive acceleration 

and shows the initial interface shape resulting from the combination of these two modes. 

Because the initial amplitudes are small, the two modes evolve independently early in 

their evolution, obeying linear theory. Therefore, the mode with the shorter wavelength 

grows more rapidly (a «Ara,). In image (b) the long wavelength mode has decreased to 

nearly zero, while the short wavelength mode has inverted and thus is the dominant mode 

visible. In images (c) through (1), this multi-mode instability evolves, exhibiting the 

formation of a more complex structure than that observed in the single-mode 

experiments. Note that the vorticity concentrates at points where the initial perturbation 

had local maximum slope, which is the point of maximum baroclinic vorticity generation. 

Also note the skew-symmetry of the interface. This symmetry is due to the small density 

difference of the fluids. 
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Figure 42. A sequence of images from a multi-mode experiment with a combination of 1 1/2 waves and 2 
1/2 waves as the initial perturbation. Times relative to the midpoint of spring impact are (a) -15 ms, (b) 18 
ms, (c) 101 ms, (d) 185 ms, (e) 285 ms, (f) 368 ms, (g) 452 ms, (h) 552 ms, (i) 635 ms, U) 719 ms, (k) 819 
ms, and (I) 902 ms. 
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5.2.2 Multi-Mode Analysis 

To analyze the multi-mode experiments, the interface was parameterized using the 

edge detection routine described earlier in Chapter 4.3. However, points near the edge of 

the tank were neglected to eliminate to possible wall effects. The interface elevation was 

then curve-fitted by assuming the presence of two sinusoidal waves of prescribed 

wavelength, as shown in Figure 43. The resulting measured amplitudes for this typical 

experiment are shown in Figure 44. This amplitude data clearly shows the inversion and 

subsequent growth of the perturbation for both modes. Although the data indicates that 

the 2 1/2 wave mode starts to decay at frame # 35, the interface becomes multi-valued at 

frame # 34. Thus, this method gives questionable results beyond that time. 

At small amplitudes, the two modes should act independently of each other and their 

evolution should be described by linear theory. Therefore, the analysis technique 

described in Chapter 4.4 for the single-mode experiments can also be employed for the 

multi-mode experiments. Figure 45 shows the nondimensional amplitude versus time for 

the two modes in this experiment. The modes show excellent agreement with linear 

theory, with amplitudes which are 10% lower than theory at kdof = 0.7, the same result as 

the single-mode case. The agreement shows that the two modes do act independently 

until the interface becomes double-valued. Figure 46 shows the nondimensional 

amplitude measurements for several multi-mode experiments. The amplitude 

discrepancies for the experiments first appear when the interfaces become multi-valued. 

The worst case experiment shows a 10% amplitude disagreement with linear theory at 

koot = 0.5, slightly lower than the single-mode case. However, the range of agreement is 

still remarkable considering that linear theory is derived assuming |)(:a| « 1. Therefore, 

the amplitude data shows that the multi-mode perturbations act independently and follow 

linear theory in the small amplitude regime. 
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Figure 43. Multi-mode sinusoidal curve fit to an edge-detected image from an experiment with a 
combination of 1 112 and 2 112 waves. 
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Figure 44. Plot of amplitude versus time from an experiment with a combination of 1 1/2 and 2 112 waves. 
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5.2.3 Multi-Mode Examples 

Other examples of multi-mode R-M instabilities are shown in Figures 47 through 50. 

Figure 47 shows the R-M instability from a combination of a 1/2 wave and 2 1/2 waves 

as the initial perturbation. The two different wavelengths are clearly present in image (a), 

taken before the impulsive acceleration. This initial perturbation produces three vortices 

of the same sign with the center vortex larger in size. The development of an initial 

perturbation with 1 1/2 waves and 4 1/2 waves is shown in Figure 48. Note that the 4 1/2 

wave mode is the second harmonic of the 1 1/2 wave mode, producing two vortices per 

fundamental half wave in contrast to one vortex of the single-mode experiments. This 

wave combination evolves to form a double-mushroom shape with vertically stacked 

vortices. The detailed development of this and all multi-mode instabilities is highly 

dependent on the relative initial wave amplitudes. 

Figure 49 shows the R-M instability with the combination of a 1/2 wave and 4 1/2 

waves as the initial perturbation. Five vortices of the same sign are formed over the 1/2 

wave of the fimdamental perturbation. The central three vortices appear to be the same 

strength. This vortex formation can also be considered an example of a Kelvin-

Helmholtz instability. Image (a) shows that the amplitude of the 1/2 wave perturbation is 

much larger than that of the 4 1/2 wave perturbation. The large 1/2 wave perturbation 

produces a shear flow across the tank width. The small 4 1/2 wave perturbation then 

serves as an initial perturbation for the Kelvin-Helmholtz instability. The evolution of 

the R-M instability with 2 1/2 waves and 4 1/2 waves is shown in Figure 50. Images (c) 

and (d) clearly show a combination of the two modes present. By image (1), however, the 

interface appears more like a misshapen 2 1/2 wave case, with the 4 1/2 wave 

perturbation seemingly small in amplitude. This sequence is a good example of mode-

competition and the early stages of bubble-merger. 



Figure 4 7. A sequence of images from a multi-mode experiment with a combination of a 1/2 wave and 2 
112 waves as the initial perturbation. Times relative to the midpoint of spring impact are (a) -27 ms, (b) 23 
ms, (c) 107 ms, (d) 190 ms, (e) 290 ms, (f) 374 ms, (g) 457 ms, (h) 557 ms, (i) 641 ms, G) 724 ms, (k) 824 
ms, and (1) 907 ms. 
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Figure 48. A sequence of images from a multi-mode experiment with a combination of 1 112 waves and 4 
1/2 waves as the initial perturbation. Times relative to the midpoint of spring impact are (a) -18 ms, (b) 16 
ms, (c) 99 ms, (d) 182 ms, (e) 282 ms, (f) 366 ms, (g) 449 ms, (h) 549 ms, (i) 633 ms, G) 716 ms, (k) 816 
ms, and (I) 900 ms. 
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Figure 49. A sequence of images from a multi-mode experiment with a combination of a 112 wave and 4 
112 waves as the initial perturbation. Times relative to the midpoint of spring impact are (a) -20 ms, (b) 30 
ms, (c) 113 ms, (d) 197 ms, (e) 297 ms, (f) 380 ms, (g) 464 ms, (h) 564 ms, (i) 647 ms, G) 731 ms, (k) 831 
ms, and (1) 914 ms. 

103 



Figure 50. A sequence of images from a multi-mode experiment with a combination of2 1/2 waves and 4 
1/2 waves as the initial perturbation. Times relative to the midpoint of spring impact are (a) -20 ms, (b) 14 
ms, (c) 97 ms, (d) 181 ms, (e) 281 ms, (f) 364 ms, (g) 448 ms, (h) 548 ms, (i) 631 ms, U) 714 ms, (k) 815 
ms, and (l) 898 ms. 
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5.3 REYNOLDS NUMBER 

5.3.1 Reynolds Number Definition 

An important parameter that has not been discussed in earlier investigations of the R-

M instability is the Reynolds number of the flow. However, the current experiments 

show the importance of Reynolds number in the development of the flow field. The 

Reynolds number is defined as Re ^Ul/v, where U, I, and v are the characteristic values 

of the velocity, length, and kinematic viscosity. The obvious length and velocity scales 

are the perturbation amplitude and velocity. However, Figure 51 is a plot of Reynolds 

number based on these parameters for typical experiment which shows that this definition 

is time dependent, with a maximum value occurring shortly after impact. It is important 

to recognize that the flow is dominated by the vortices that form at the nodes of the 

perturbation. Thus, a more relevant Reynolds number may be defined using the 

circulation of one of the vortices and the average kinematic viscosity of the two fluids: 

Re = . (46) 
(i>, +V2)/2 

The circulation cannot be easily measured for the present experiments. However, the 

circulation can be estimated using the following result from the linear stability analysis: 

r = ̂ , (29) 

which is constant during the experiment if viscous dissipation is negligible. Therefore, 

the vortex Reynolds number can be calculated using: 
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Figure 51. Plot of perturbation Reynolds Number (based on amplitude and velocity) versus time for a 
typical experiment 

Re = 8 On 
k(Vi +U2) 

(47) 

This vortex Reynolds number (Rcy) can be related to the perturbation Reynolds 

number (Rep). Chapter 5.1 demonstrated that the amplitude Aa is a function of ka^t, i.e. 

ka = fikaot). (48) 

therefore 

kd = k^f'(kaot), (49) 

and the perturbation Reynolds number can be written as 
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R e =  'p (u,  +U2)/2 

1 2kakd 
k~ V, + u, 

(50) 
2 ̂ ^ r' 

^(U, +U2) 

f f  = Re, 

Therefore, the perturbation Reynolds number is equal to the vortex Reynolds number 

multiplied by a fimction of time. Unless specifically noted, the following discussions of 

Reynolds number will refer to the vortex Reynolds number (Equation (46)). 

Because of the wavenumber dependence, the value of Reynolds number achievable in 

an experiment varies greatly with the perturbation wavelength, and it is possible to 

achieve much larger circulations and Reynolds numbers using longer wavelength 

perturbations. The range of Reynolds numbers for the experiments presented here is 

from 1500 to 20,000. 
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5.3.2 Vortex Turning Rate 

As shown previously, the nondimensional amplitude is consistently described 

throughout the Reynolds number range and time durations investigated by a flmction of 

nondimensional time kdot. Therefore, Reynolds number does not appear to influence the 

amplitude measurements. However, there is a clear effect of Reynolds number on the 

vortex core evolution. The effect of Reynolds number was determined by examining the 

experimental images to quantify the vortex core turning rate. One method of quantifying 

the turning rate is to determine the nondimensional time when the interface becomes 

multi-valued. The interface is considered multi-valued when the maximum slope of the 

interface is vertical, i.e. a 90° rotation from a flat interface. Figure 52 shows the time 

when the interface first becomes multi-valued plotted as a function of the experimental 

Reynolds number. The plot shows that the interface becomes multi-valued at k^t = 1.5 

for the Reynolds number range tested for both the 1 1/2 and 2 1/2 wave cases. Also 

plotted on Figure 52 is time when the vortex core has competed 1, 2, and 3 turns. A timi 

is defined as when the tip of the spiral is vertical and has rotated n*260° from the outside 

of the spiral vertical section. Referring back to Figure 27, the interface is nearly vertical 

in image (b), and the vortex core has completed slightly more than 1 turn in image (e), 

and slightly more than 2 turns in image (h). 

The time to complete 1, 2, and 3 turns appears to be constant for experiments with 

Reynolds numbers above 6000 over the times investigated. Therefore, the flow appears 

to be inertia dominated above a Reynolds number of6000. At lower Reynolds number, 

the turning rate is observed to depend on Reynolds number indicating that the fluid 

viscosity is important. Viscosity diffuses the vorticity out from the vortex center, leading 

to a decrease in the turning rate of the vortex core. Since the amplitude data is not a 
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Figure 52. Plot of Reynolds Number versus time describing the vortex core evolution. 
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function of Reynolds number, the size of the vortex must still be small when compared to 

the vortex spacing. 

There appears to be a greater amount of scatter for the 2 112 wave cases with 

Reynolds numbers between 4000 and 6000 at later times. There are several possible 

explanations for this inconsistency. One possibility is that these values of the Reynolds 

number were achieved by shaking the fluid container at large amplitudes to obtain a 

relatively large value of ka; (> 0.50). Large ka; perturbations tend to introduce 

additional disturbances, such as higher harmonics. These additional disturbances 

manifest themselves in the formation of additional vortices after the impulsive 

acceleration. Extreme experiments exhibiting this behavior are not knowingly presented 

in this section, however it is possible that some of the data presented exhibits this effect 

to a small degree. In addition, the large forcing amplitudes produce larger shear 

velocities at the interface. The larger shear velocities may have produced a greater mixed 
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interface thickness S, and the nondimensional thickness kS is greater in the 2 1/2 wave 

cases. Further study is required to determine if experimental difficulties caused this 

scatter, or if there is some other phenomena responsible. 
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5.3.3 Vortex Instability 

Early experiments with lower Reynolds numbers consistently showed a laminar 

spiraling of the interface around the vortex center. However, later experiments carried 

out with significantly larger initial amplitudes and thus Reynolds numbers exhibited 

unusual behavior inside the vortex core. Figure 53 shows a series of images with ka, = 

0.29 and a Reynolds number of4830. Initiailly the instability develops very similarly to 

the lower amplitude cases. Starting at frame (h), however, one can see the start of a 

secondary instability in the core of the vortex. By frame (k) the instability has spread 

throughout the core and it appears that the interface is no longer sharp and the fluids are 

starting to mix on a smaller scale. 

Figure 54 shows a close-up of the core of an unstable vortex. The secondary 

instability takes the form of waves superimposed on the core spiral. The superimposed 

waves start in the center of the core and grow in size and extent until all layers of the core 

spiral are effected. The nondimensional time when the disturbance amplitude equals the 

spiral thickness is shown in Figure 55 versus Reynolds number. Only those single-mode 

experiments that exhibited the secondary instability are shown. One can clearly see that 

the experiments with higher Reynolds number transition sooner. The transition time, as 

shown in Figure 56, also appears to be well correlated to when the core has made 

approximately three complete turns. A sequence of images showing the transition for a 2 

1/2 wave case is shown in Figure 57. The details are qualitatively and quantitatively the 

same as the 1 1/2 wave case. Vortex core transitions were also noticed for the multi-

mode cases, as shown in Figure 58. However, no attempt was made to quantify the 

transition criteria for this more complex case. 

While there is good consistency in the turning time data, the transition time data 

shows greater scatter. This is not unexpected given the sensitive dependence on the 



Figure 53. A sequence of images from an experiment with 1 112 waves where the vortex core exhibits a 
secondary instability. Times relative to the midpoint of spring impact are (a) -24 ms, (b) 93 ms, (c) 176 
ms, (d) 260 ms, (e) 343 ms, (t) 426 ms, (g) 510 ms, (h) 593 ms, (i) 677 ms, U) 760 ms, (k) 843 ms, and (1) 
910 ms. 
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Figure 54. Close-up of a vortex core during the early stages of a secondary instability. 

initial conditions for transition to turbulence. However, one could argue that there might 

be an inconsistency between the 1 112 wave and 2 1/2 wave transition times. Careful 

examination of Figure 59 suggests the possibility of a minimum transition Reynolds 

number for the 1 112 wave case near 4000. There were several1 112 wave experiments 

having slightly lower Reynolds number that did not transition before the end of the 

experiment and thus support this finding. However, several2 1/2 wave experiments 

clearly show transition at Reynolds numbers less than 4000. Also, note that between Re 

values of 4000 and 6000, the 2 112 wave cases consistently transitioned earlier than the 1 

112 wave cases. However, at these high Reynolds numbers, the kai for the 2 112 wave 

cases was> 0.50. Thus, there may have been larger, higher-order, initial perturbations 

generated due to harmonics. These discrepancies require further investigation to resolve 
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Figure 57. A sequence of images from an experiment with 2 112 waves where the vortex core exhibits a 
secondary instability. Times relative to the midpoint of spring impact are (a) -28 ms, (b) 88 ms, (c) 172 
ms, (d) 255 ms, (e) 339 ms, (f) 422 ms, (g) 505 ms, (h) 589 ms, (i) 672 ms, (j) 756 ms, (k) 839 ms, and (I) 
906 ms. 
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Figure 58. A sequence of images from a multi-mode experiment where the vortex core exhibits a 
secondary instability. Times relative to the midpoint of spring impact are (a) -25 ms, (b) 92 ms, (c) 175 
ms, (d) 258 ms, (e) 342 ms, (f) 425 ms, (g) 509 ms, (h) 592 ms, (i) 676 ms, G) 759 ms, (k) 842 ms, and (I) 
909 ms. 
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Figure 59. Plot showing both steady and unsteady experiments and their corresponding transition and 
maximum nontransition time. 

whether the 1 1/2 wave and 2 1/2 wave cases have the same transition criteria. Indeed, it 

may be that the method used for initial perturbation generation may have also produced 

higher order perturbations that lead to the early core transition. 
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5.4 HIGHER WAVENUMBER EXPERIMENTS 

The amplitude measurements presented in Chapters 5.1 and 5.2 demonstrated that the 

perturbation wavelength can be scaled out of the results using the nondimensional 

amplitude and time definitions employed in this study. Thus, the nondimensional 

amplitude ka depends only on the nondimensional time kOi^t. However, this finding does 

not hold true in experiments when higher wavenumbers are considered. Figure 60 shows 

the amplitude measurements for experiments with 3 1/2 waves. These 3 1/2 wave 

experiments were initially considered failures because the inconsistency of data. The 

initial growth rate agrees well with theory, but the late-time measurements are 

inconsistent. It was initially assumed that this inconsistency was due to the difficulty in 

achieving a clean 3 1/2 wave perturbation, as shown in Figure 61. As the instability 

evolved, the vortices appeared to have slightly different size and shape. Varying the 

forcing frequency that produced the initial perturbation greatly effected the final observed 

shape. However, no frequency yielded completely satisfactory results. Figure 62 shows 

the evolution of a 4 1/2 wave initial perturbation. The vortices formed in this case appear 

to all have the same strength. The amplitude data for 4 1/2 wave experiments also 

exhibited good consistency from run to run. However, when the amplitude data for all 

wavenumbers is plotted together, as in Figure 63, it is apparent that the 4 1/2 wave case 

has a much greater late-time amplitude. This late-time disagreement is despite the fact 

that the 4 1/2 wave experiments exhibit good early-time agreement with linear stability 

theory. The different 3 1/2 wave experiments have amplitudes that agree with both the 

lower and higher wavenumber cases, along with some experiments that lie in between. 

There are at least two possible explanations for the late-time disagreement of the high 

wavenumber amplitude data. One possibility involves the vortex core evolution. Figure 

64 compares the relative size and shape of 4 experiments with kdot ~ 10 and Re ~ 1400. 
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Figure 60. Plot of late-time, nondimensional amplitude versus time for experiments with a 3 1/2 wave 
perturbation. 

The 2 1/2 wave and 3 1/2 wave images on the left have a nondimensional amplitude 
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approximately 25% lower than the 4 112 wave and 3 1/2 wave images on the right. Note 

that these lower amplitude images on the left have vortex cores with a larger number of 

turns than the higher amplitude images on the right. Thus, the vorticity has coalesced 

sooner in the lower amplitude cases. This observation is consistent with the vortex model 

using discrete vortices. The discrete vortex approximation has a lower growth rate than 

linear stability theory model, which assumes sinusoidally distributed vorticity. However, 

the 3 112 wave amplitude data is only partially correlated with the turning rate of the 

vortices for the experiment. 

The difference in the vorticity concentration may be due to experimental variations, 

one of which is the interface thickness 8. The interface is nominally the same thickness 

for all experiments because the filling method was the same. However, the higher 



Figure 61. A sequence of images from an experiment with 3 112 waves and kai = 0.29. Times relative to 
the midpoint of spring impact are (a) -28 ms, (b) 39 ms, (c) 72 ms, (d) 105 ms, (e) 139 ms, (f) 172 ms, (g) 
205 ms, (h) 239 ms, (i) 272 ms, (j) 305 ms, (k) 339 ms, and (I) 372 ms. 
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Figure 62. A sequence of images from an experiment with 4 1/2 waves and kai = 0.19. Times relative to 
the midpoint of spring impact are (a) -15 ms, (b) 69 ms, (c) 135 ms, (d) 202 ms, (e) 269 ms, (f) 336 ms, (g) 
402 ms, (h) 469 ms, (i) 536 ms, G) 603 ms, (k) 669 ms, and (1) 736 ms. 
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Figure 63. Plot of late-time, nondimensional amplitude versus time for experiments with all wavenumbers. 

shaking velocities required to generate higher wavenumbers may have resulted in a 

slightly thicker interface. In addition, the more important parameter is the 

nondimensional thickness k8, which is larger for higher wavenumber experiments even 

with the same physical interface thickness. Although the interface thickness is small 

enough to not effect the initial stages of growth, it may be important to the vortex 
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evolution and the late-time growth. The 3 1/2 wave cases may have had nondimensional 

thicknesses in a range where slight experimental differences are magnified. 

Another possible explanation for the inconsistency of high wavenumber amplitude 

measurements is the presence of 3-D disturbances. Figure 65 shows a late-time side view 

from an experiment with 4 1/2 waves. The perturbation shows a noticeable variation 

across the tank thickness at this time. Analysis of the initial perturbation also shows a 3-

D component to the disturbance. The cause of the 3-D disturbance may be the tank 

thickness. The 50.8 mm tank is 1.9 wavelengths thick with a 4 1/2 wave perturbation and 



Figure 64. A set of images with ka0 t z 10 andRe z 1400 showing the different outcomes at higher 
wavenumbers. Image (a) has 2 112 waves, (b) 4 112 waves, (c) 3 112 waves, and (d) 3 112 waves. 
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1.5 wavelengths thick for the 3 112 wave case, but only 1.1 wavelengths thick for a 2 112 

wave perturbation and 0.6 wavelengths for a 1 112 wave case. The higher wavenumber 

cases may be more susceptible to the formation of a 3-D disturbance with the initial 

perturbation generation method employed. Further investigation is required to resolve 

the source of these high wavenumber discrepancies. 



124 

Figure 65. A side view from an experiment with a 4 1/2 wave initial perturbation. 
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5.5 SECOND IMPULSIVE ACCELERATION 

In the earliest experiments in this investigation, the fluid container was bounced off a 

fixed spring. The fluids underwent a second impulsive acceleration when the sled 

bounced a second time. In the new drop tower, the sled is stopped at the bottom of the 

rails by the shock absorber. The fluids also experience a second impulsive acceleration 

by hitting the shock absorber, followed by a stabilizing constant acceleration. In both 

cases, the complex mushroom shaped interface undergoes a rapid transition to turbulence 

during and after the second impulse, as shown in Figure 66. The physical mechanism 

which produces the dramatic change is the same as that which produces the initial 

instability, baroclinic torque. However, the amount of vorticity generated is much greater 

on the second impact because the vertical pressure gradient is perpendicular to the 

density gradient on the vertical portions of the highly deformed interface. The high shear 

velocity on the thin interface makes the vertical interfaces susceptible to the Kelvin-

Helmholtz instability, which results in the series of vortices observed on the vertical 

interfaces in Figxu-e 66, image (c). In addition, the baroclinic torque generates closely 

spaced sheets of alternating signed vorticity on the vortex spiral. These sheets interact to 

produce the small-scale structure and turbulence observed. This second-impact 

phenomenon has a similar counterpart in shock tube experiments. In the shock tube 

experiments, the incident shock generates a growing interface. The shock wave then 

reflects off the end wail and interacts with the interface a second time. These reshock 

experiments show that interfaces with more complicated shapes (more than a 

combination of small amplitude sinusoidal disturbances), especially ones that are multi

valued, are more susceptible to a transition to turbulence. 



Figure 66. A sequence of images after impact with the shock absorber at the end of the rails. Times 
relative to the midpoint of shock absorber impact are (a) -16 ms, (b) 1 ms, (c) 17 ms, (d) 34 ms, (e) 51 ms, 
and (f) 68 ms. 
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CHAPTER 6. 

CONCLUSIONS 

The Richtmyer-Meshkov instability is a fundamental fluid instability important in a 

wide variety of applications. The experiments presented here utilize a novel technique 

that allows for a quantitative analysis of this instability for two-dimensional disturbances. 

The R-M instability is investigated from the early linear stages, through the nonlinear 

stages, and into the initial stages of the transition to turbulence. Moderate Atwood 

number, miscible liquids were employed in this investigation. The use of liquids avoided 

many of the experimental difficulties previously limiting the study of the R-M instability. 

Elastically boimcing the fluid container off a vertical spring imparted the impulsive 

acceleration to instigate the R-M instability. The subsequent freefall permitted the 

instability to evolve far into the nonlinear stages. Planar Laser-Induced Fluorescence 

allowed for clear, first time observations of the flow through the nonlinear regime for the 

first time. 

Linear stability theory for initial perturbation growth rate was experimentally verified 

for an Atwood number of 0.155. The experimental amplitude measurements were found 

to be in excellent agreement with linear stability theory for small amplitudes, and 

differing by less than 10% up to a nondimensional time ka^t of 0.7. It was also shown 

that linear theory is valid for multi-mode perturbations at least until the interface becomes 

multi-valued. Fourth order, single-mode perturbation theory was found to have good 

agreement with amplitude measurements up to koat of 1.3. A Fade approximation for 

interface growth velocity based on this fourth order perturbation theory was shown to 

extend the range of agreement for amplitude up to ka^t of 3. A discrete vortex model 
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and a combined model equation were also compared to experimental amplitudes in the 

nonlinear regime. These two theories were shown to be within 10% of the amplitude 

measurements up to the maximum 2-D experimental value of kd^t of 30. The best 

agreement between experiments and theory was obtained from the combined model 

equation using a new, derived constant for asymptotic velocity. 

Previous studies have not examined the influence of Reynolds number on the R-M 

instability. This study examined the effects of Reynolds number based on the vortex 

circulation. The overall perturbation amplitude was shown to be independent of 

Reynolds number. However, the evolution of the vortex cores was found to depend on 

the Reynolds number. For the time durations studied, experiments with Reynolds 

numbers above 6000 were found to be independent of Reynolds number, indicating the 

flow is inertia dominated. At lower Reynolds numbers, the diffusion of vorticity from the 

vortex cores was found to lead to lower vortex turning rates. Observations were also 

made of a secondary instability in the vortex cores. Measurements of the time when the 

instability was first manifest appear to correlate with Reynolds number. However, these 

measurements may also be effected by the wavelength or initial conditions. 

Experimental results at the highest wavenumbers were found to be inconsistent with 

those at lower wavenumbers. While the initial growth rates show good agreement with 

linear theory, the nonlinear growth of these experiments showed significantly larger 

amplitudes than those given by the theories validated at lower wavenumber. Possible 

causes of this discrepancy are nonzero interfacial thickness and three-dimensionality. 

Further investigation is required to determine the reason for the discrepancy. 
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APPENDIX A. 

EXPERIMENTAL PARAMETERS 

Experiment Waves Tank 
Thickness 

(mm) 

Pi 
(gm/cc) 

P2 
(gm/cc) 

k 
(1/mm) 

a, 
(mm) 

a, 
(mm/s) 

AK 
(m/s) (mm/s) 

hl6 1/2 50.8 0.8750 1.1972 0.02543 -6.456 -18.89 6.400 137.6 
h28 1/2 25.4 0.8749 1.1996 0.02543 -2.523 -4.285 6.472 56.81 
h42 1/2 50.8 0.8728 1.1996 0.02543 -4.824 -9.011 6.428 108.2 
h43 1/2 50.8 0.8728 1.1996 0.02543 -9.983 -20.55 6.425 222.6 
h44 1/2 50.8 0.8728 1.1996 0.02543 -14.91 -29.86 6.464 335.4 
174 1 1/2 50.8 0.876 1.192 0.08217 -3.570 -4.936 6.567 224.1 
175 1 1/2 50.8 0.876 1.192 0.08257 -3.333 -5.615 6.544 209.8 
176 1 1/2 50.8 0.876 1.192 0.08217 -3.165 -4.752 6.587 199.1 
183 1 1/2 50.8 0.876 1.193 0.07457 -6.161 -12.84 6.563 359.0 
184 1 1/2 50.8 0.875 1.192 0.07424 -4.768 -12.04 6.399 269.5 
187 1 1/2 50.8 0.875 1.192 0.07424 -3.427 -8.208 6.420 194.2 
hOl 1 1/2 50.8 0.8748 1.1955 0.07644 -1.7150 -5.352 6.346 99.31 
h02 1 1/2 50.8 0.8748 1.1955 0.07684 -2.262 -6.685 6.409 133.1 
h03 1 1/2 50.8 0.8748 1.1955 0.07684 -2.586 - I M A  6.345 150.9 
h04 1 1/2 50.8 0.8748 1.1955 0.07724 -3.061 -8.356 6.357 180.0 
h05 1 1/2 50.8 0.8748 1.1955 0.07684 -3.691 -9.415 6.452 218.6 
h06 1 1/2 50.8 0.8748 1.1955 0.07605 -3.194 -8.809 6.427 187.4 
h29 1 1/2 50.8 0.8731 1.2025 0.07605 -2.998 -1.6A6 6.404 177.7 
h30 I 1/2 50.8 0.8731 1.2025 0.07605 -2.897 -lAll 6.421 171.8 
h31 1 1/2 50.8 0.8731 1.2025 0.07605 -3.819 -9.304 6.382 225.4 
h32 1 1/2 50.8 0.8731 1.2025 0.07566 -4.855 -11.21 6.418 287.7 
h33 1 1/2 50.8 0.8731 1.2025 0.07605 -5.944 -13.77 6.327 348.8 
h34 1 1/2 50.8 0.8731 1.2025 0.07605 -7.185 -15.11 6.483 431.6 
h35 1 1/2 50.8 0.8731 1.2025 0.07644 -8.201 -17.21 6.498 494.9 
h71 1 1/2 50.8 0.8726 1.2069 0.07684 -0.9183 -2.396 6.458 55.84 
h72 1 1/2 50.8 0.8726 1.2069 0.07644 -1.299 -3.309 6.457 78.72 
h73 1 1/2 50.8 0.8726 1.2069 0.07605 -1.983 -5.330 6.422 119.4 
h74 1 1/2 50.8 0.8726 1.2069 0.07566 -2.825 -6.747 6.467 170.1 
h75 1 1/2 50.8 0.8726 1.2069 0.07566 -4.344 -10.21 6.487 262.4 
h76 1 1/2 50.8 0.8726 1.2069 0.07644 -4.647 -10.4 6.427 280.5 
h77 1 1/2 50.8 0.8726 1.2069 0.07605 -5.383 -12.30 6.496 326.7 
h78 1 1/2 50.8 0.8726 1.2069 0.07644 -5.435 -12.17 6.453 329.0 
h79 1 1/2 50.8 0.8726 1.2069 0.07644 -6.555 -14.06 6.448 397.5 
h80 1 1/2 50.8 0.8726 1.2069 0.07684 -7.12 -15.63 6.477 434.3 
h81 1 1/2 50.8 0.8726 1.2069 0.07684 -8.108 -17.01 6.456 493.2 
h82 1 1/2 50.8 0.8726 1.2069 0.07644 -8.797 -18.3 6.431 531.3 
hl04 1 1/2 50.8 0.8730 1.2037 0.07684 -9.529 -19.01 6.438 573.9 
hl05 1 1/2 50.8 0.8730 1.2037 0.07605 -10.37 -21.18 6.389 50.15 
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Experiment Waves Tank 
Thickness 

(mm) 

PI 
(gm/cc) 

P2 
(gm/cc) 

k 
(l/mm) 

a, 
(mm) 

a, 
(mm/s) 

AK 
(m/s) (mm/s) 

h07 2 1/2 50.8 0.8748 1.1955 0.12682 -4.651 -10.02 6.380 382.4 
h36 2 1/2 50.8 0.8731 1.2025 0.12645 -1.466 -3.247 6.498 123.3 
h37 2 1/2 50.8 0.8731 1J025 0.12682 -2.137 -4.669 6.492 179.7 
h38 2 1/2 50.8 0.8731 1.2025 0.12682 -2.883 -6.256 6.513 242.2 
h45 2 1/2 50.8 0.8728 1.1996 0.12682 -1.400 -3.116 6.410 116.0 
h46 2 1/2 50.8 0.8728 1.1996 0.12718 -1.433 -3.486 6.425 119.2 
h47 2 1/2 50.8 0.8728 1.1996 0.12682 -1.440 -3.464 6.413 119.1 
h48 2 1/2 50.8 0.8728 1.1996 0.12609 -1.254 -2.440 6.403 103.1 
h49 2 1/2 50.8 0.8728 1.1996 0.12609 -1.605 -3.547 6.488 133.6 
h50 2 1/2 50.8 0.8728 1.1996 0.12682 -2.127 -4.534 6.495 178.3 
h51 2 1/2 50.8 0.8728 1.1996 0.12502 -1.536 -3.013 6.509 127.5 
h52 2 1/2 50.8 0.8728 1.1996 0.12645 -1.980 -3.491 6.456 164.1 
h53 2 1/2 50.8 0.8728 1.1996 0.12574 -2.303 -4.660 6.387 188.7 
h54 2 1/2 50.8 0.8737 1.1988 0.12609 -2.510 -5J260 6.425 207.2 
h55 2 1/2 50.8 0.8737 1.1988 0.12609 -2.834 -5.599 6.441 234.5 
h56 2 1/2 50.8 0.8737 1.1988 0.12645 -3.065 -5.727 6.473 254.9 
h83 2 1/2 50.8 0.8730 1.2056 0.12682 -1.129 -2.988 6.464 94.98 
h84 2 1/2 50.8 0.8730 1J205 0.12609 -1.019 -2.509 6.443 85.34 
h85 2 1/2 50.8 0.8730 1.205 0.12645 -1.777 -3.849 6.427 148.5 
h86 2 1/2 50.8 0.8730 1.205 0.12645 -3.903 -8.106 6.413 325.2 
h87 2 1/2 50.8 0.8730 1.205 0.12645 -4.062 -7.886 6.452 340.2 
h88 2 1/2 50.8 0.8730 1.205 0.12682 -4.482 -8.470 6.461 375.0 
h91 2 1/2 50.8 0.8730 1.205 0.12792 -4.883 -9.075 6.448 410.1 
h92 2 1/2 50.8 0.8730 1.205 0.12718 -5.208 -10.35 6.427 435.8 
h93 2 1/2 50.8 0.8730 1.205 0.12682 -6.276 -12.58 6.459 525.3 
h94 2 1/2 50.8 0.8730 1.205 0.12682 -6.718 -12.27 6.482 562.7 
h09 3 1/2 50.8 0.8750 1.1972 0.17991 -2.845 -6.806 6.374 272.1 
hlO 3 1/2 50.8 0.8750 1.1972 0.17991 -1.597 -6.166 6.392 154.1 
h l l  3 1/2 50.8 0.8750 1.1972 0.18102 -3.236 -6.286 6.415 309.5 
hl2 3 1/2 50.8 0.8750 1.1972 0.17704 -1.036 -3.415 6.431 99.58 
hl7  3 1/2 25.4 0.8749 1.1996 0.18051 -1.421 -3.195 6.494 135.0 
h I8  3 1/2 25.4 0.8749 1.1996 0.18125 -1.531 -3.445 6.516 146.7 
h l9  3 1/2 25.4 0.8749 1.1996 0.18014 -1.472 -2.916 6.473 140.2 

hl lO 4 1/2 50.8 0.8730 1.2037 0.22855 -0.8429 -2.305 6.418 83.20 
h l l l  4 1/2 50.8 0.8730 1.2037 0.22908 -0.9958 -2.516 6.434 98.74 
h l l5  4 1/2 50.8 0.8731 1.2079 0.22962 -1.327 -3.970 6.442 131.8 
h l l6  4 1/2 50.8 0.8731 1.2079 0.22926 -1.440 -4.054 6.422 143.2 
hi 17 4 1/2 50.8 0.8731 1.2079 0.22998 -2.160 -6.102 6.419 215.2 
hi 18 4 1/2 50.8 0.8731 1.2079 0.22998 -1.912 -5.741 6.449 189.5 
h l l9  4 1/2 50.8 0.8731 1.2079 0.22980 -2.326 -7.153 6.425 230.1 
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Experiment Waves Tank 
Thickness 

(mm) 

PI 
(gm/cc) 

P2 
(gm/cc) 

k 
(1/mm) 

A, 

(mm) (mm/s) 
AV 

(m/s) (mm/s) 

142 1 1/2 
2 1/2 

25.4 0.908 1.160 0.08023 
0.1337 

-3.033 
-0.9982 

-3.094 
0.5976 

6.992 157.2 
70.48 

144 1 1/2 
3 1/2 
4 1/2 

25.4 0.908 1.160 0.08023 
0.1872 
0.2407 

-2.628 
-0.4247 
-0.5255 

-2.629 
0.2004 
0.8908 

6.977 136.1 
33.71 
41.49 

hl20 1 1/2 
2 1/2 

50.8 0.8731 1.2079 0.07629 
0.12715 

-1.385 
-0.8879 

-3.868 
-2.176 

6.437 83.41 
74.59 

hl2 I  1 1/2 
4 1/2 

50.8 0.8731 1.2079 0.07629 
0.22887 

-1.389 
-0.2633 

-3.760 
-1.052 

6.431 83.64 
26.39 

hl22 1/2 
2 1/2 

50.8 0.8731 1.2079 0.02543 
0.12715 

-3.075 
-0.8346 

-6.683 
-1.726 

6.425 69.71 
70.04 
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