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Experiments examining the interaction of shock waves with an interface separating two gases of

different densities are reported. Flow visualization by the schlieren method and x-ray densitometry

reveals that important secondary effects are introduced by the experimental apparatus, especially at

the walls of the shock tube from shock wave/boundary layer interaction below, above, and at the

interface itself. These effects can impair the observation of the primary phenomenon under study

and can lead to the overall deformation of the interface. In particular, the thickness of the viscous

boundary layer at the interface is computed using a familiar shock tube turbulent boundary layer

model and the occurrence of bifurcation of reflected waves below and above the interface is

successfully predicted based on classical bifurcation arguments. The formation of wall vortical

structures at the interface is explained in terms of baroclinic vorticity deposition resulting from the

interaction of reflected waves with the interface distorted by the boundary layer. This mechanism of

wall vortex formation can also explain observed test gas contamination in reflected shock tunnels

when shock wave bifurcation is absent. In general, it is found that most of the side effects of the

experimental investigation of the Richtmyer–Meshkov instability can be alleviated by performing

experiments in large test sections near atmospheric initial pressure. © 1999 American Institute of

Physics. @S1070-6631~99!01505-6#

I. INTRODUCTION

The impulsive acceleration of an interface separating

two fluids of different densities can lead to a wide variety of

fluid motions. Any perturbation initially present on the inter-

face will be distorted through baroclinic vorticity generation.

At the later stages of development of the interface, the inter-

penetration of the two fluids can generate even more vortic-

ity through the shearing instability.

This class of flows is often referred to as the shock-

excited Rayleigh–Taylor instability, or as the Richtmyer–

Meshkov instability, for the two scientists who first pre-

sented theoretical ~Richtmyer1! and experimental

~Meshkov2! results. The past twenty years have seen a strong

research interest in this class of problems, because of poten-

tial applications mainly in laser implosion of deuterium-

tritium nuclear fusion targets and hypervelocity mixing/

combustion. Giant steps have been made towards the

numerical simulation of these flows, validated with labora-

tory experiments usually performed in shock tubes.

Shock tube experiments on the Richtmyer–Meshkov in-

stability have been performed in many countries. Agreement

between the different results has not been good, owing to the

large discrepancy in experimental facilities, diagnostic meth-

ods, and test conditions.3 In fact, the experimental study of

interaction of shock waves with an interface between gases

of different densities3–5 has demonstrated that secondary ef-

fects, introduced by the apparatus, can impair the develop-

ment and observation of the primary phenomenon under

study.

The present work describes and classifies the secondary

effects that can take place during the experimental investiga-

tion of the Richtmyer–Meshkov instability: these have to be

understood in order to correctly interpret past and present

data and also to assist in planning future experiments. This

article is therefore intended as a repertory and guide for ex-

perimental and numerical investigators in the field. In par-

ticular, the influence of these secondary effects on the inter-

pretation of usual experimental results, such as the

measurement of interface turbulent thickening and perturba-

tion growth rates, are discussed. These effects all originate

from the repeated interaction of shock waves with the bound-

ary layer developing at the interface. In particular, it is found

that the propagation of shock waves over the wall boundary

layers can lead to wave bifurcation, and that the interaction

of these waves with the distorted interface within the bound-

ary layers causes the formation of a wall vortex which can

deform the interface by vorticity-induced strain. It is also

found that two- ~2D! and three-dimensional ~3D! wave fronts

are generated by disturbances on the interface and on the side

and end walls of the shock tube, and by interaction with the

boundary layers. After these waves reverberate between the

side and end walls of the shock tube and the interface itself,

they are responsible for the introduction of small perturba-a!Electronic mail: martin.brouillette@gme.usherb.ca
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tions on the interface, which can explain the observed thick-

ening of initially smooth thick interfaces.

II. EXPERIMENTAL FACILITY

Using schlieren photography and x-ray densitometry, we

study the development of the interfacial instability produced

by the interaction of shock and expansion waves parallel to

an interface separating two gases of different densities. Ex-

periments are performed in the GALCIT vertical shock tube,

where a shock wave is launched from the top of the tube

toward the interface located near the bottom end wall. The

driven section of the shock tube is square throughout its

length, with a 114 mm side, and mates with a test section of

the same sectional dimensions; this eliminates the need for

the cookie cutter section usually necessary between a round

driven section and a square test section. More details about

the apparatus, the schlieren flow visualization setup, and the

x-ray densitometry system can be obtained from Brouillette6

and Bonazza.7

The experiments are performed with two different kinds

of interfaces: ~i! a discontinuous interface formed by a thin

~0.5 mm! nitrocellulose membrane and ~ii! a thick,

membrane-free, continuous interface smoothed by molecular

diffusion, formed by withdrawing a thin ~1.2 mm! horizontal

metal plate initially separating the gases.

In all cases atmospheric air is used above the interface

and helium ~He! ~density 0.16 kg/m3 at 25 °C, 1 atm!, carbon

dioxide (CO2) ~1.8 kg/m3!, freon-22 ~R-22! ~3.5 kg/m3!, xe-

non ~Xe! ~5.5 kg/m3!, and sulfur hexafluoride (SF6) ~6.0

kg/m3!, are used below the interface as test gases.

The interface can be installed within the field of view of

the flow visualization windows or at two locations ~32 or 65

cm! upstream of it. The location of the end wall of the shock

tube with respect to the windows can also be moved, allow-

ing us to change the period of the waves reverberating be-

tween the interface and the end wall. Although a large num-

ber of combinations are possible, two configurations are

used: ~i! The ‘‘short period’’ experiments are performed with

the interface initially in the field of view of the windows, and

the end wall of the shock tube is moved just 10 cm down-

stream of the interface @Fig. 1~a!#. This setup is used to ob-

serve the evolution of the interface at early times after the

interaction with the incident shock and also to study the ef-

fects of multiple impulsive accelerations caused by rever-

berations of the primary wave between the interface and the

end wall of the shock tube. ~ii! In the other configuration, the

‘‘long period’’ experiments, the interface is initially located

either 32 or 65 cm upstream of the flow visualization win-

dows @Fig. 1~b!#. The end of the shock tube is adjusted so

that the first reflection from the end wall interacts with the

interface as the latter is near the bottom of the window. Thus,

a ‘‘snapshot’’ view of the interface a long time after it inter-

acts with the incident shock, as well as of the effects of the

first reshock, are obtained.

For the optical flow visualization setup, the sensitivity of

the schlieren system is adjusted so that the interface can eas-

ily be distinguished from the image of the shock wave-

boundary layer interaction on the observing window. At the

same time, the sensitivity is kept sufficient to record the ran-

dom field of acoustic waves associated with the shock waves

reverberating between the interface and the end of the tube.

For examining the fine details of the interaction between the

two gases, high-resolution spark schlieren photography is

used, which yields one photograph per experimental run. To

measure the time evolution of the interface we use high-

speed @35 000–60 000 frames per second ~fps!# schlieren mo-

tion pictures which yield images of lower resolution. To

quantify the density field in the interface region, an x-ray

flow visualization system is used, with which a single 50 ns

flash is produced for each experimental run and an image is

recorded by an x-ray negative sandwiched between two fluo-

rescent screens. The x-ray negative is subsequently digitized

using a charge-coupled device ~CCD! camera and the density

field information extracted through a custom image-analysis

computer routine.7

To perform a run, the sliding plate or membrane is fully

inserted into the test section, and the test gas is introduced

below the interface. A microprocessor-driven control system

is used to provide the sequence for retracting the plate ~when

FIG. 1. Experimental configurations. ~a! Short period experiments. The in-

terface is initially placed within the field of view of the windows and the end

wall of the shock tube is positioned just 10 cm downstream of the initial

position of the interface. This setup is used to observe the evolution of the

interface at early times after the interaction with the incident shock and also

to study the effects of multiple impulsive accelerations caused by reverbera-

tions of the primary wave between the interface and the end wall of the

shock tube. The field of view of the flow visualization system is indicated by

‘‘FoV-SP.’’ ~b! Long period experiments. The distance X between the initial

position of the interface and the top of the window can be set to 32 or 65 cm

and the distance Y between the interface and the end wall is adjusted to

observe the interaction of the first reshock with the interface as the latter is

near the lower end of the window. The field of view of the flow visualization

system is indicated by ‘‘FoV-LP.’’
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applicable!, firing the shock wave and triggering the flow

visualization equipment. All the experiments are performed

at atmospheric initial conditions in the test section, and the

Mach number of the incident shock wave was varied from

M s51.10 to 1.70.

Figure 2 shows generic wave diagrams for the interac-

tion of a shock of moderate strength with an interface sepa-

rating a light and a heavy gas @Fig. 2~a!# and an interface

between a heavy and a light gas @Fig. 2~b!#. The incident

shock of strength M s interacts with the interface at position

x50 at time t50. For the light/heavy interface @Fig. 2~a!#,
the refraction of the incident shock at the interface transmits

a shock wave into the heavy gas ~shock strength M t) and a

shock is also reflected back into the light gas. The interface

is impulsively set in motion to a velocity @u#0 . The trans-

mitted wave subsequently reflects from the end wall of the

shock tube at t5tr and interacts with the interface at t5t1 .

This first reflected wave, referred to as the first reshock, is

labeled wave 1, and imparts to the interface a change in

velocity @u#1 after transmitting a shock wave into air above

the interface and reflecting expansion waves in the test gas

below. Further reverberations take place between the inter-

face and the end wall. The same terminology is used for the

heavy/light interfaces @Fig. 2~b!#, for which all reverberating

waves are compression waves.

Experimental wave diagrams obtained from high-speed

motion picture and pressure transducer records are compared

with those calculated using the simple one-dimensional gas

dynamics theory; good agreement is obtained, which is used

to confirm the purity of the test gas and to ensure that no

leakage was present at the interface before a run.

III. BOUNDARY LAYER PHENOMENA

In all experimental studies of the Richtmyer–Meshkov

instability, a viscous boundary layer develops in the fluid

behind the incident shock which deforms the interface near

the walls. The interaction of the reverberating waves with

this perturbation leads to the formation of various flow fea-

tures which can both distort the interface in the bulk of the

fluid by vorticity-induced strain and enhance the mutual pen-

etration of the two fluids across the interface.

A. Development of a wall boundary layer at the
interface

1. Observation of a wall boundary layer at the
interface

The impulsive acceleration of the gases behind a shock

wave propagating into an initially stationary fluid leads to the

formation of a viscous boundary layer in order to satisfy the

no-slip boundary condition at the wall. Following the inter-

action of the incident shock wave with the interface in the

Richtmyer–Meshkov instability, this leads to the overall de-

formation of the interface, schematically shown in Fig. 3.

For this case, after the interface has travelled down the tube

a distance L from its original position @shown in Fig. 3~a!#,
the wall boundary layer has grown to a thickness e(L) at the

interface @Fig. 3~b!#. Furthermore, the interface region near

the wall comprises a mixture of test gas and air because of

diffusion and entrainment promoted by the boundary layer.

The effects of the boundary layer on the interface after

interaction with the incident shock wave can be visualized

with the schlieren system. For example, Fig. 10~a! shows a

continuous air/SF6 interface at a time t53.59 ms after inter-

FIG. 2. ~a! Generic wave diagram for the interaction of a moderate strength

shock wave with a light/heavy interface. ~b! Generic wave diagram for the

interaction of a moderate strength shock wave with a heavy/light interface.

The interface trajectory is indicated by: – – –. The wave trajectories are

indicated by: ——. Waves successively interacting with the interface are

numbered 0, 1, 2, etc.; C indicates compression waves, E expansion waves.

The field of view of the flow visualization system in the short period con-

figuration is indicated by FoV-SP ~light shading! and by FoV-LP ~heavy

shading! for experiments in the long period configuration.
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action with a M s51.32 incident shock; the interface has

travelled 38 cm from its original location. The interface is

curved upwards near the wall of the tube under the influence

of the boundary layer. The boundary layer thickness can be

measured approximately as e'4 mm from the extent of the

curved region on the interface; this is only an estimate since,

as the tube is square, the boundary layer is tridimensional in

the corners of the tube. A summary of measured values for

the thickness of the boundary layer in the test gas, when the

interface has traveled to the middle of the observing win-

dows (L538 cm) following the refraction of the incident

shock for a series of long period experiments, is shown in

Table I.

2. Computation of boundary layer thickness
at the interface

The development of a laminar boundary layer behind a

shock wave has been treated by many authors ~e.g., Mirels8!.
In the present study, since the pressure ~i.e., Reynolds num-

ber! is relatively high and the walls of the shock tube are

rough, the boundary layers are likely to be turbulent and the

analysis of Mirels9,10 is used.

Mirels’ analysis assumes that the compressible turbulent

boundary layer behind a shock wave obeys a 1/7 power-law

velocity profile, and that the gas specific heat ratio g and

Prandtl number Pr are constant throughout the layer. The

latter is a reasonable approximation for the relatively weak

shock waves (M s,1.7) considered in this study. Since the

static temperature T is allowed to vary through the boundary

layer, the dynamic viscosity m of the gas is assumed to fol-

low a T1/2 temperature dependence, although it is found that

the calculated boundary layer thickness is not very sensitive

to the prescribed viscosity power-law temperature depen-

dence for the shock strengths under consideration here.

Of primary interest is the determination of the boundary

layer thickness e in the test gas at the interface, after the

latter has traveled a distance L following the arrival of the

incident shock ~Fig. 3!. The expression for e in the test gas

behind the transmitted shock is given by:

e

L
50.05745@0.1251S~V21 !#24/5

3FT8

T
G

4/5

FTm

T
G

21/2

F @u#0L

n
G

21/5

, ~1!

where

V5F12

2

g11
S M t

2
21

M t
2 D G

21/2

~2a!

is the so-called velocity parameter, and the temperature ra-

tios of interest are obtained from

Tm

T
50.5S 11

T8

T
D10.22S T8

T
D S Tr

T
21 D ~2b!

Tr

T
511

Pr1/3~V21 !2

g11

g21
V21

, ~2c!

and T and T8 are the static temperatures in the bulk of the

test gas ahead and behind the transmitted shock, respec-

tively, Tm is the mean temperature in the boundary layer and

Tr is the recovery temperature. The interface velocity im-

parted by the refraction of the incident shock wave is @u#0 ,

and n, g, and Pr are, respectively, the kinematic viscosity,

the specific heat ratio, and the Prandtl number in the test gas

FIG. 3. Development of boundary layer on side walls following the refrac-

tion of the incident shock wave at the interface. ~a! Initial configuration. ~b!
Distorted interface in the presence of a viscous boundary layer, whose thick-

ness is e at the interface after the latter has travelled a distance L from its

initial position.

TABLE I. Comparison of measured and calculated boundary layer thickness

at the interface for long period experiments. Also shown is the predicted

occurrence of reshock bifurcation in test gas below the interface and in air

above the interface; all experimental observations agree with these predic-

tions of bifurcation. The Atwood ratio A0 is defined as A0

[(r test2rair!/~rtest1rair), where rair and r test designate the initial density of

the air and test gas, respectively.

Test gas A0 M s

e ~mm! @ L538 cm Bifurcation of reshock:

calculated measured in test gas in air

He 20.76 1.32 7.8 7 no yes

1.48 7.2 6 no yes

1.66 6.8 6 no yes

1.66a 11.3 9 no yes

Air 0 1.32 5.5 5 yes yes

1.48 5.0 5 yes yes

1.66 4.8 5 yes yes

R-22 0.50 1.12 5.0 5 no no

1.32 4.2 5 yes no

1.48 3.8 3 yes no

1.66 3.5 3 yes no

SF6 0.67 1.12 4.8 4 no no

1.32 3.9 4 yes no

1.48 3.5 4 yes no

1.66a 5.3 4 yes no

aL571 cm.
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ahead of the transmitted shock. The parameter S and the

numerical constant 0.125 in Eq. ~1! are obtained from a

straight line fit to a numerical integration; the values of the

parameter S5S(g ,Pr) are listed in Table II for the different

gases under consideration in the present study. The constant

0.057 45 is derived from an empirical relation for turbulent

boundary layers.9,10 This analysis ignores the interaction of

waves initially reflected from the interface with the boundary

layer above the interface and also assumes that the boundary

layer comprises only test gas.

Table I compares the calculated and observed values for

the thickness of the boundary layer in the test gas when the

interface has traveled to the middle of the observing win-

dows (L538 cm) following the refraction of the incident

shock for a series of long period experiments; there is good

agreement between the calculated and observed thickness of

the boundary layer at the interface. Since the square test

section has a side of 114 mm, the boundary layer at the

interface occupies between 5% and 15% of the width of the

test section for the present experiments which are performed

at atmospheric initial pressure.

B. Interaction of reshocks with the boundary layer

The propagation of the reshocks into a flow field dis-

torted by the development of a wall boundary layer leads to

a variety of flow phenomena dominated by shock refraction

and vorticity generation mechanisms. These flow features are

different in the regions below, above, and just at the inter-

face.

1. Reshock propagation below the interface

The propagation in the test gas of the first reshock before

it reaches the interface is characterized by the fact that, be-

low the interface, the boundary layer fluid has the same com-

position as that outside the boundary layer, i.e., they both

contain pure test gas. Under certain conditions, the reshock

can be observed to bifurcate as a result of its interaction with

the boundary layer, and for this case a ‘‘bubble’’ of fluid can

accumulate at the base of the reshock. For example, Fig. 4

shows the bifurcation of the first reshock in air, which was

the test gas for this particular experiment. The bifurcation

bubble is the dark region at the base of the shock, and it can

be seen that it has about the same thickness as that of the

boundary layer ~e'5 mm!.
The bifurcation of the reshock in the test gas below the

interface can be explained in terms of the so-called Mark

bubble. Specifically, Mark11 has studied the shock-boundary

layer interaction for a shock wave reflecting from the end

wall of a shock tube @Fig. 5~a!#. Figure 5~b! shows a sche-

matic for the interaction; the analysis is performed more eas-

ily in shock-fixed coordinates @Fig. 5~c!#.

From the velocities obtained in shock-fixed coordinates,

Mach numbers characterizing the outer flow (M out) and the

boundary layer flow closest to the wall (M bl) can be defined;

in particular, if the boundary layer flow is supersonic ~i.e., if

M bl.1) a shock forms in the boundary layer. Mark pro-

posed that when the stagnation pressure in the boundary

layer fluid pTbl
exceeds the static pressure behind the re-

flected shock p9 then the boundary layer fluid passes con-

TABLE II. Turbulent boundary layer parameter S in the evaluation of the

boundary layer thickness in the test gas at the interface @cf. Eq. ~1!#.

Gas Air CO2 R-22 Xe SF6 He

S 0.039 0.036 0.033 0.045 0.031 0.045

FIG. 4. Interaction of a nitrocellulose membrane ~air/air interface! with a

M s51.32 shock wave, long time configuration, t52.56 ms. Schlieren pho-

tograph from high-speed motion picture shows extent of boundary layer

below, above and at the interface and also shock wave/boundary layer in-

teraction ~Mark bubble! of first reshock.

FIG. 5. Shock wave/boundary layer interaction in test gas: the incident

shock wave is travelling from left to right in the reference frame of the

laboratory. The region of shock-boundary layer interaction is indicated by

‘‘S-BL.’’ ~a! Shock incident to end wall. ~b! Interaction of reflected shock

with boundary layer in laboratory reference frame. ~c! Same interaction as in

~b! but in shock-fixed reference frame.
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tinuously under the foot of the reflected shock and into the

region behind it. However, for certain values of the transmit-

ted shock Mach number M t , it is possible that pTbl
,p9. For

this case, a simple steady through flow of the boundary layer

fluid cannot be expected. Rather, Mark proposed that this

fluid gathers up as a bubble in a region adjacent to the foot of

the shock. Assuming that the ratio of specific heats stays

constant throughout the boundary layer. Mark calculated that

the bubble will appear if the Mach number of the wave in-

cident onto the end wall is within the interval 1.32,M t

,6.45 for diatomic gases ~g57/5! and within 1.57,M t

,2.80 for monatomic gases ~g55/3!. A more refined

analysis12 takes into account the possibility for the stagnation

pressure minimum to occur within the boundary layer away

from the wall, in which case the predicted bifurcation range

for monoatomic gases is reduced. This explains the general

conception that shock bifurcation can be avoided by using

monoatomic gases. Also, since the value of g in diatomic

gases can decrease as a result of the temperature rise across

the shock, the interval of bifurcation is effectively increased

for these gases. Polyatomic gases, with their low specific

heat ratios, have an even larger interval of bifurcation.

In addition, the disturbance produced by the Mark

bubble causes at least one oblique shock to form at the base

of the reflected wave ~Fig. 6!. The turning angle of the first

oblique wave can be calculated by assuming that the static

pressure p
out8 behind it is equal to the stagnation pressure in

the bubble pTbl
. If the flow behind this wave is subsonic ~i.e.,

M out8 ,1), the necessary increase in pressure after the ob-

lique shock is accomplished by a streamtube area change

@Fig. 6~a!#. If M out8 .1, another oblique shock forms to bring

the static pressure up to p9, the pressure behind the reflected

wave @Fig. 6~b!#. Because the flow of the jet over the bubble

is processed by one or two oblique shocks as compared to a

single normal shock for the flow in the bulk of the fluid, the

velocity of the jet u jet is therefore larger than that of the main

flow behind the reflected shock u8, with a dividing stream-

line ~i.e., a shear layer! separating the two streams.

Table I lists the predicted occurrence of bifurcation of

the reshock in the test gas to form a Mark bubble for a series

of experiments with He, R-22, SF6 , and air as test gases. All

of these predictions are in agreement with the experimental

results.

2. Reshock propagation above the interface

The propagation of the reshock above the interface is

complicated by the fact that the fluid within the boundary

layer does not have the same composition as that outside of

it. For the present experiments, the fluid outside the bound-

ary layer above the interface is air and that inside the bound-

ary layer is presumably a mixture of both air and test gas, as

discussed before. This difference in composition leads to a

mismatch in speed of sounds which can then promote shock

bifurcation.

As an example, Fig. 7 shows the propagation of the re-

shock across an air/He interface for a long period experi-

ment. The result of the interaction of the reshock with the

boundary layer at the interface leads to the formation of a

complex bifurcated shock system which is trailed by a large

bubble. Specifically, since the boundary layer fluid has a

higher speed of sound ~i.e., it contains helium! than that of

the air outside the boundary layer, a precursor wave forms

ahead of the transmitted shock.

These flow features can be explained in terms of the

so-called Hess13 bubble. The criteria for the appearance of a

bifurcated wave and associated bubble are based on the same

pressure-matching arguments as for the Mark bubble, al-

though in this case the first oblique shock over the bubble

can be viewed as a precursor wave. In addition, Hess pro-

posed that the jet of fluid over the bifurcation bubble can

penetrate into the other fluid across the interface but also

possibly back under the boundary layer fluid ~Fig. 8!. This

mechanism has in fact been used to explain the contamina-

tion of hot test fluid by cold driver gas in reflected shock

tunnels.14,15

Figure 9 shows a construction, performed using this ap-

proach, for the bifurcation of the first reshock as it crosses an

air/He interface (M s51.66, long period experiment!. The ac-

tual shape of the bubble cannot be determined exactly with

the simple arguments presented above; full numerical

simulations16 have been used to solve this type of problem in

more detail. It is seen that there is good agreement between

FIG. 6. Shock system over bifurcation bubble in test gas ~Mark bubble! in

reference frame stationary with reflected shock. ~a! M out8 ,1. ~b! M out8 .1.
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the angles obtained from the theoretical construction of Fig.

9 and the experimental results of Fig. 7~b! for the wave pat-

tern at the base of the shock.

For all the cases where bifurcation took place in air

above the interface, the calculated velocity of the jet u jet over

the bubble was not much faster than that of the flow behind

the reshock u8, so that contamination of the interface was

neither predicted, nor observed. Table I lists the predicted

occurrence of formation of a Hess bubble in air after the first

reshock crosses the interface from below and these results

are also in agreement with the experimental observations.

As seen from Table I, bifurcation of the reshock in air

above the interface is not predicted for experiments with the

light/heavy interfaces. Thus the Mark–Hess bubble jet phe-

nomenon can neither be used to explain the formation of

wall structures at the interface for the Richtmyer–Meshkov

instability of light/heavy interfaces nor can it explain the

observed contamination of test gas by air for those experi-

ments.

3. Reshock interaction with the interface

In addition to the previous two wall phenomena resulting

from the interaction of the reshock with the boundary layer

below and above the interface, the latter itself can become

grossly distorted as a result of its interaction with the re-

shock. For example, Figs. 10 and 11 show the late time de-

velopment of light/heavy continuous interfaces for long and

short period experiments, respectively. The dominating fea-

tures of the flow for these cases are large wall vortices that

lead to the overall deformation of the interface.

The occurrence of these wall vortices can be explained

in terms of baroclinic vorticity generation resulting from the

interaction of reshocks with the interface distorted by the

wall boundary layers. This can be seen from the schematics

of Fig. 12. In Fig. 12~a!, a light/heavy interface is shown just

before interaction with the first reshock; the interface is dis-

torted at the wall, under the influence of the boundary layer,

as it convects down the tube. Because of this interface defor-

mation, the density gradient across the interface near the wall

is misaligned with the pressure gradient across the reshock

@Fig. 12~a!#, and their interaction leads to the deposition of

vorticity on the interface in the wall region, as indicated in

Fig. 12~b!. The subsequent overall deformation of the inter-

face under this vorticity field leads to the roll-up of vortical

features on the side walls, as sketched in Fig. 12~c! and ob-

served in Figs. 10~b!, 10~c!, and 11. Since the tube is actually

square, these vortices would develop on all four sides of the

test section, with 3D features evolving near the corners; how-

ever the arguments presented here would still remain essen-

tially valid.

For the case of heavy/light interfaces, the interface dis-

tortion caused by the boundary layer would be similar @Fig.

12~a!#, but the direction of the density gradient across the

FIG. 7. Richtmyer–Meshkov instability of a plane continuous interface.

Air/He M s51.66. Long period experiment. Schlieren photographs from

high-speed motion picture. ~a! t50.86, ~b! 0.91 ms.

FIG. 8. Formation of contaminating and reverse jets over bifurcation bubble

in air after reshock crosses interface ~Hess bubble!.

FIG. 9. Theoretical construction for bifurcation wave pattern above inter-

face ~in shock-fixed reference frame!. Air/He interface, M s51.66: u544°,

f587°.
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interface would be reversed compared to the light/heavy in-

terface. For this case, the interaction of this density gradient

with the pressure gradient of the reshock would deposit vor-

ticity in a direction opposite from that shown in Fig. 12~b!,
and the wall vortex would roll-up in the opposite direction as

that shown in Fig. 12~c!. However actual results for heavy/

light interfaces ~cf. Fig. 7! show that the interface is mostly

dominated by a large disturbance resulting from the forma-

FIG. 10. Richtmyer–Meshkov instability of a plane continuous interface.

Air/SF6 M s51.32. Long period experiment. Schlieren photographs from

high-speed motion picture. ~a! t53.59, ~b! 4.39, and ~c! 5.19 ms.

FIG. 11. Richtmyer–Meshkov instability of a plane

continuous interface. Air/SF6 M s51.32, short period

experiment. t51.91 ms. Spark schlieren photograph.

FIG. 12. Mechanism of wall vortex formation on light/heavy interface. ~a!
Interface perturbation before reshock. ~b! Deposition of baroclinic vorticity

at interface by reshock. ~c! Subsequent roll-up of wall vortex.
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tion the reverse jet under the Hess bubble, since bifurcation

takes place above the interface for these cases.

Wall vortices are ultimately the result of the perturba-

tions introduced by the development of a boundary layer at

the interface and, for discontinuous interfaces, can be modi-

fied by the presence of an initial bulge on the supporting

plastic membrane. For example, consider the interaction of

the incident shock and subsequent reshocks with a heavy/

light discontinuous interface that is initially bulged down-

wards ~by a small pressure difference across the membrane,

for example!. Figure 13~a! shows a schematic of the interface

just before the interaction with the incident shock. Since the

interface is bulged downwards, the initial misalignment of

the density gradient across the interface with the pressure

gradient across the incident shock leads to vorticity deposi-

tion on the interface as shown in Fig. 13~b!. Under this vor-

ticity distribution, the interface tends to reverse the phase of

the bulge in the upwards direction, while at the same time

undergoing deformation on the walls under the influence of

the boundary layers @Fig. 13~c!#. When the first reshock in-

teracts with this interface, baroclinic vorticity is deposited as

the result of interface deformation both in the bulk of the

FIG. 13. Mechanism of wall vortex formation on

heavy/light interface with an initial downwards bulge.

~a! Interface perturbation before incident shock. ~b!
Deposition of baroclinic vorticity at interface by inci-

dent shock. ~c! Subsequent deformation of interface af-

ter interaction with incident shock. ~d! Deposition of

baroclinic vorticity at interface by reshock. ~e! Subse-

quent roll-up of wall vortex.
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fluid and within the wall boundary layer, with the former

probably dominating the latter since the density gradient

across the interface is likely to be larger than within the

boundary layer, where mixing between the air and test gas is

more important @Fig. 13~d!#. As a result of this deposition of

vorticity on the interface, the prereshock interface deforma-

tion is then amplified, as shown in Fig. 13~e!; it should also

be noticed that further interaction of the interface with rever-

berations from the end wall of the test section just repeat and

amplify this process, as all reverberations are shocks for the

heavy/light case.

An example of this case is shown in Fig. 14 for a short

period experiment with an air/helium interface that was ini-

tially slightly bulged downwards. For this case the wall vor-

tex develops as the result of repeated interaction with re-

shocks reverberating between the interface and the end wall

of the tube.

Another case is the light/heavy discontinuous interface

that is initially bulged slightly upwards ~Fig. 15!. For this,

the interaction of the incident shock with this interface leads

to an increase in the amplitude of the upward bulge. At the

same time as the interface propagates down the shock tube

and that this bulge grows upwards, the interface is also

pulled back on the sides by the action of the wall boundary

layer. The resulting perturbation on the interface caused by

the combined effect of the bulge and the boundary layer is

sketched in Fig. 15~a!. Upon the arrival of the reshock, vor-

ticity deposition resulting from interface deformation in the

fluid outside the boundary layer dominates, leading to the

formation of ‘‘reverse’’ wall vortices @Figs. 15~b! and 15~c!#
which roll up in the opposite direction as the vortices on the

light/heavy interfaces of Figs. 10 and 11, for which no initial

bulge was present.

IV. WAVE PHENOMENA

This section discusses issues relevant to the wave mo-

tions in the experimental observation and data reduction of

the Richtmyer–Meshkov instability. In particular, the influ-

ence of the plastic membranes on the initial motion of the

interface is examined. Also studied are the two- and three-

dimensional wave patterns created by the interaction of the

planar incident shock wave with a flat interface.

A. Acceleration of the membrane at the discontinuous
interface

The effect of the membrane on the refraction of the in-

cident wave at a discontinuous interface can be estimated by

considering the influence of the membrane’s inertia. The in-

teraction can be analyzed by modeling the membrane as a

rigid piston which does not shatter and whose acoustic im-

pedance is large compared to that of the surrounding gases. It

is also assumed that the incident wave does not directly

transmit through the membrane but that the refraction of the

incident shock at the interface produces a constant accelera-

tion a5ADp/m of the membrane of mass m, applied until

the interface attains its final velocity @u#0 . The pressure dif-

ference across the membrane is Dp , and the cross-sectional

FIG. 14. Richtmyer–Meshkov instability of a plane discontinuous interface.

Air/He M s51.32. Short period experiment. Schlieren photographs from

high-speed motion picture. ~a! t50.23, ~b! 0.63 ms.

FIG. 15. Reverse wall vortex formation on light/heavy interface with an

initial upwards bulge. ~a! Deformation of interface after interaction with

incident shock. ~b! Formation of reverse wall vortex. Air/R-22, M s51.32,

long time configuration. Schlieren photograph from high-speed motion pic-

ture. ~c! Schematic of reverse wall vortex of ~b!.
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area of the shock tube is A. The subsequent motion of the

membrane causes the formation of compression waves in the

test gas downstream of the interface, and after a certain dis-

tance dshock , these waves coalesce into a shock wave. Since

the resulting motion of the piston is parabolic in time, a

simple expression for the shock formation distance dshock can

thus be obtained as ~cf. Thompson17!:

dshock5

2mc2

~g11 !ADp
, ~3!

where c and g are, respectively, the speed of sound and the

specific heat ratio in the unshocked test gas. The pressure

difference across the piston Dp can be estimated from the

pressure behind the reflection of the incident shock from a

rigid end wall, since the acoustic impedance of the mem-

brane is assumed to be very large. Table III lists the shock

formation distance for six interfaces, calculated from Eq. ~3!
for an incident shock Mach number M s51.32 at atmospheric

initial conditions. The shock formation distance was also

computed using a more physically accurate model which

took into account the rarefaction waves behind and the com-

pression waves ahead of the membrane as it starts to move

into the test gas, but, because of the small inertia of the

membrane, the results are almost identical to those obtained

with the simplified model of Eq. ~3!.
It can be seen from those results that, for a given inci-

dent shock, the shock formation length increases as the speed

of sound of the test gas is increased, i.e., as the molecular

weight is decreased. It is then expected that the 1D gas dy-

namics theory is valid when the waves emerging from the

interface are at least a distance dshock away from the inter-

face. Also, since Dp;pM s
2, where p is the initial pressure in

the test section, the shock formation length decreases as the

strength of the incident wave is increased. On the other hand,

reducing the initial pressure causes dshock to increase. There-

fore, the use of a light test gas at low initial pressure with

weak shocks can lead to an unacceptably long shock forma-

tion length. For example, for an air/He interface with M s

51.32 at p50.01 atm, we calculate dshock5200 mm, and

with M s53, dshock519 mm, which signifies that the interface

acceleration phenomenon is likely to be considerably af-

fected by the presence of the membrane at those

conditions.18

B. Two- and three-dimensional wave patterns

The propagation of the interface and waves in the shock

tube and test section is not necessarily one-dimensional ow-

ing to the presence of boundary layers, possible nonunifor-

mities on the side walls of the tube and small disturbances in

the test section.

The refraction of the incident shock at the interface il-

lustrates some of these influences. Figure 16 shows spark

schlieren photographs of the air/SF6 interface, initially lo-

cated in the field of view of the windows. The interface is

accelerated by a M s51.32 shock wave just after retraction of

the sliding plate, as evidenced by the presence on the left

part of the interface of the accumulation of fluid pumped by

the plate @Fig. 16~a!#. The photograph shows the interface

just after the arrival of the incident shock. Because of the

TABLE III. Shock formation distance calculated from Eq. ~3!—M s51.32.

Interface Air/air Air/CO2 Air/R-22 Air/Xe Air/SF6 Air/He

dshock ~mm! 0.25 0.16 0.07 0.05 0.04 2.0

FIG. 16. Wave pattern resulting from the refraction of a M s51.32 shock

wave with a air/SF6 continuous interface. ~a! t50.04 ms. Spark schlieren

photograph. ~b! t50.27 ms. Spark schlieren photograph. ~c! Theoretical

wave front construction: 1-Cylindrical wave fronts in air. 2-Cylindrical

wave fronts in SF6 . 3-Precursor wave fronts in SF6 . 4-Reflection of precur-

sor off transmitted shock. 5-Reflection of cylindrical wave fronts off trans-

mitted shock. 6-Transmitted shock. 7-Grease marks left on window by slid-

ing plate.

1137Phys. Fluids, Vol. 11, No. 5, May 1999 M. Brouillette and R. Bonazza

Downloaded 01 Mar 2007 to 128.104.198.190. Redistribution subject to AIP license or copyright, see http://pof.aip.org/pof/copyright.jsp



presence of small disturbances on the side walls of the tube,

such as joints for the plate guide plug and grease left from

the edges of the sliding plate, the reflected and transmitted

shocks emerging from the interface are accompanied by cy-

lindrical acoustic waves that originate from the wall at the

interface. Another wave front also appears on the left side

because of the perturbation introduced by the slot into which

the plate is retracted. Since the speed of sound is higher in air

than in SF6 , the wave fronts propagate faster above the in-

terface. This leads to the generation of precursor waves be-

low the interface @Fig. 16~b!#. Furthermore, the cylindrical

wave in SF6 propagates faster downstream than the transmit-

ted shock, and the two interact leading to another reflection.

Since the angle between the cylindrical wave front and the

shock remains constant in time as they propagate down-

stream, the weak reflected wave is straight and remains at a

constant angle. In this case the parameters are such that this

reflection comes back to the interface where it meets the

wall. Figure 16~c! is a construction for the shocks, the acous-

tic waves, and their reflections, with the velocities calculated

with the simple 1D gas dynamics theory, for the interface of

Fig. 16~b! at the same time interval after the interaction with

the incident shock. As can be seen, there is good agreement

between the experimental and calculated results.

The result of the interaction of the reshock with the

boundary layer above the interface is another example of the

two dimensionality of the wave pattern even if shock bifur-

cation is absent. This is because the boundary layer above

the interface is composed mainly of test gas and that its local

speed of sound differs from that of the air in the bulk of the

fluid. After the reshock crosses the interface, the wave trans-

mitted into air has a different velocity than that propagating

into the boundary layer. For the light/heavy interface the

transmitted shock is bowed upwards, as seen in Fig. 17, be-

cause the speed of sound in the boundary layer is lower. For

the case of a heavy/light interface, the transmitted shock is

preceded by a precursor shock, as seen in Fig. 7.

Also, when the interface velocity is supersonic in the

reference frame of the shock tube with respect to one of the

gases adjacent to the interface, small disturbances on the

walls of the test section cause the appearance of Mach

waves, as seen in Fig. 7~b!. For this example, the Mach num-

ber of the air flow above the interface is M51.10 in the

reference frame of the test section, corresponding to a Mach

angle of 65°, which agrees with the observed value.

Finally, when the transmitted shock reflects from the end

of the shock tube, cylindrical acoustic waves are also gener-

ated from the corners at the end of the shock tube because of

the disturbance caused by the displacement thickness of the

boundary layer.

For short period as well as long period experiments, the

reverberation between the end wall and the interface of the

trapped waves and their subsequent interaction produces

three-dimensional wave patterns. The end result of this is the

randomization of the wave field below the interface, as

shown in Figs. 10~c! and 11. The interaction of these waves

with the interface is the suggested mechanism for introduc-

ing perturbations on the smooth continuous interfaces, the

growth of which has been the subject of previous

investigation.3,4,19

V. DISCUSSION

A. Effect of reduced initial pressure

Equation ~1! shows that the turbulent boundary layer

thickness in the test gas at the interface varies as e turb

;@u#0
21/5L4/5/n21/5, but since n5m/r and r;p/T , it follows

that, for a given initial temperature T, e turb;p21/5; for a

laminar boundary layer, which would be present for the case

of smooth walls and/or low initial test pressure, this power

law dependence would become e lam;p21/2. These relation-

ships show that reducing the initial test pressure significantly

increases the boundary layer thickness at the interface. In

particular, all other parameters remaining constant, perform-

ing the experiments at initial pressures of p50.1, 0.01, and

0.001 atm, for example, would increase the turbulent bound-

ary layer thickness at the interface by factors 1.6, 2.5, and

4.0, respectively, with respect to experiments at atmospheric

conditions; for a laminar boundary layer at these pressures,

this thickness would be increased by factors of 3.2, 10, and

31, respectively, over experiments performed at 1 atm. For

the present experimental facility, this would mean that reduc-

ing the initial pressure in the test section, for example to

increase the incident shock Mach number, could produce

boundary layers at the interface which could occupy up to

50% of the width of the test section; this would certainly

have a severe influence on the development of the instability

at the interface. In particular, this argument explains the

highly distorted shape of interfaces observed by Houas

et al.18 in their experimental study of the Richtmyer–

Meshkov instability performed at low pressure ~0.015 atm!
with a narrow test section ~8.5 cm square section!.

Large boundary layers not only influence the natural de-

velopment of the instability at the interface following the

refraction of the incident shock, but greatly modify the ex-

tent of the shock-boundary layer region after the first and

subsequent reshocks. In particular, it is generally agreed that

the width of the Mark or Hess bubbles resulting from shock

bifurcation scales directly with the thickness of the boundary

layer at the interface ~e.g., Fig. 4!, and the present results

FIG. 17. Richtmyer–Meshkov instability of a plane continuous interface.

Air/SF6 M s51.32. Long period experiment, t54.30 ms. Schlieren photo-

graph from high-speed motion picture.
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also show that the width of the wall vortex also seems to

scale directly with boundary layer thickness. For example,

for shocks of modest strength (M s'1.5) and interfaces be-

tween gases initially at atmospheric pressure with density

ratios of order 2–5, the wall vortex on each side wall was

seen to extend up to about 2 cm into the bulk of the fluid,

occupying about 35% of the width of the test section and

60% of its cross-sectional area. These simple pressure scal-

ing arguments point out that, for experiments that reduce the

initial pressure down to only 0.1 atm, the wall vortex could

be 1.6 times larger, if the boundary layer were turbulent, and

the wall vortex could therefore occupy up to 60% of the

width and 80% of the area of the test section. This effect

would be even more catastrophic in the presence of a laminar

boundary layer.

Also, as seen from Eq. ~3!, the influence of the mem-

branes used to form initially discontinuous interfaces is

strongly dependent on initial test pressure. In particular, the

so-called shock formation distance scales as dshock;p21. As

shown before, the shock formation distances for the present

experiments performed at 1 atm are estimated to be of the

order of 1 mm; decreasing the initial pressure to 0.1 or 0.01

atm would therefore increase these distances to 1 or 10 cm,

respectively. When the magnitude of dshock approaches the

other relevant length scales in the problem, such as test sec-

tion diameter, interface amplitude, or wavelength, for ex-

ample, the shock refraction phenomena at the interface is

likely to be greatly influenced by the presence of the mem-

brane.

The effects of initial pressure on shock wave-boundary

layer phenomena at the interface and on the influence of

membranes greatly underscore the need to perform experi-

ments at high initial test pressures with large test sections.

These conditions sometimes have to be compromised, how-

ever, because of the high cost associated with large facilities,

the experimental difficulties inherent with the use of large

membranes, which require a supporting wire mesh that intro-

duces further perturbations,20 and the need for reduced pres-

sures to generate high incident shock Mach numbers.

B. Interpretation of flow visualization results

The present results also emphasize the importance of

using flow visualization methods that can distinguish be-

tween wall boundary layer effects and the interface in the

bulk fluid. Any uncertainty about the real extent of the tur-

bulent mixing zone ~TMZ! evolving at the interface will be

cleared only if at least one side wall is imaged along with the

phenomena of interest in the bulk of the fluid. Failure to

distinguish between TMZ and wall effects always lead to

overestimated growth rates.3,4 In particular, the streak

schlieren method does not seem to be appropriate for TMZ

growth studies since it fails to image either the TMZ or the

side walls. Qualitative imaging methods such as shadow-

graph or schlieren photography are adequate for the task, but

are handicapped by the somewhat interpretative judgement

that has to be applied in the data reduction.

Quantitative imaging methods seem naturally better

suited to accomplish this task. However, when using a tech-

nique that relies on an integration across the depth of the test

section, such as interferometry or x-ray densitometry,7,21 for

example, some care has to be exercised in the data reduction

to correct for the wall effects.

Figure 18~a! shows the optical density of a radiograph

taken at t55.82 ms after the interaction of a M s51.33 shock

wave with an air/xenon interface for a long period experi-

ment. The brightest regions correspond to region of lowest

densities, and vice-versa. The roll-up of the wall vortices can

clearly be seen and is reminiscent of Fig. 10~c! for a corre-

sponding experiment with an air/SF6 interface. Figures

18~b!, 18~c!, and 18~d! show the computed mean interface

shape, the density contours and the average density profile

for the aforementioned air/xenon interface. As expected from

the previous results, the only distortions on the interface are

due to the wall vortices, which are also apparent from the

density contours @Fig. 18~c!#. Because of Lambert’s law, the

observed optical density field is the result of an integration of

the local density across the depth of the test section between

the flow visualization windows. By proper calibration, the

average density field across the depth of the test section can

thus be obtained from the optical density field. Because wall

vortices develop on all four walls of the test section and

contain a mixture of air ~which has negligible x-ray absorp-

tion! and xenon, even the density profiles obtained in the

middle of the test section are modified by the wall vortices

on the windows, as seen from Fig. 18~d!. The results can be

partially corrected for the undesirable contribution of the

wall vortices on the windows by modifying the observed

optical density near the side walls such that the optical den-

sity at a given axial location averaged over the width of the

test section is the same as that averaged in the bulk of the

fluid.7,21 Using the same approach, a similar correction

method could be applied for extracting density information

from interferometer images.

Because of these limitations, it appears that planar ~i.e.,

sheet forming!, flow visualization methods offer the best

prospects for eliminating the qualitative and/or quantitative

ambiguities associated with the aforementioned methods. For

example, planar laser-induced fluorescence ~PLIF! was used

by Jacobs22 to study the Richtmyer–Meshkov instability in a

cylindrical geometry. The experimental difficulty there was

the dissimilar properties of the test gas and the fluorescent

tracer gas; future experiments could use PLIF without resort-

ing to tracers altogether. Another promising avenue is the

use of Rayleigh scattering.23

C. Interpretation of measured growth rates

For discontinuous interfaces, the effect of the mem-

branes on the measured TMZ growth rates is still to be

determined.4,20,24,25 Previous long period experiments4 with

air/air discontinuous interfaces formed by thin ~0.5 mm! ni-

trocellulose membranes have shown that, even though these

interfaces initially present no density mismatch, some thick-

ening of the membrane region is still observed ~cf. Fig. 4!. In

particular, the reshock growth rates of the interface region

for these experiments ranged between 1 and 5 m/s and

seemed to increase with incident shock Mach numbers. A
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feature of the air/air interfaces is that the membrane did not

appear to shatter upon wave refraction at the interface. If this

were the case for discontinuous interfaces formed between

dissimilar gases, the membranes would have a strong

growth-impairing effect; there is no experimental evidence,

however, that the membrane does not shatter when the

Richtmyer–Meshkov instability is present. Experiments per-

formed at high incident shock Mach numbers would clear

this uncertainty as the temperatures generated by the waves

could be sufficient to vaporize the plastic membrane.26

The development of vortices on the side walls of the test

section can seriously modify the thickening of the interfaces

caused by the Richtmyer–Meshkov instability in the bulk of

the fluid. In particular, the velocity field induced by the wall

vortices stretches the interface which causes a reduction in

its apparent rate of turbulent thickening. The magnitude of

this effect can be estimated by computing the strain field

associated with two incompressible line vortices each posi-

tioned a distance D from an infinite vertical side wall ~Fig.

19!. Since the system is periodic in the y direction,27 the

strain rate ṡ produced in the middle of the test section (y

5W/2) by these two vortices is given by:

ṡ5

2pG

W2

sinhS 2px

W
D sinS 2pD

W
D

FcoshS 2px

W
D1cosS 2pd

W
D G

2 , ~4!

where G and W are, respectively, the circulation of each vor-

tex and the width of the test section. The strain rate in the

middle of the test section can thus be calculated for any axial

location x given the value of D and G.

For example, for a long period experiment performed

with a continuous air/SF6 interface and M s51.32 ~Fig. 10!,
the location of the wall vortices at t55.19 ms is at D510

mm and the middle of the interface is at x520.20 mm with

respect to the wall vortices. The circulation G can be esti-

mated by evaluating the tangential velocity u t of the roll-up

of the vortex from G'2pu tR , where R is the radius of the

vortex. For this particular case, u t'10 m/s and R'10 mm,

FIG. 18. Richtmyer–Meshkov instability of a plane continuous interface. Air/xenon, M s51.33. Long period experiment, t55.82 ms. ~a! Optical density of

radiograph. ~b! Mean interface shape. ~c! Density contours ~labeled in kg/m3!. ~d! Average density profile.
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then G'0.6 m2/s, and the strain rate in the middle of the

interface is thus found to be ṡ'230 s21. This is the strain

rate induced in the middle of the test section by a pair of

opposite wall vortices, but because the test section actually

possesses four walls ~and thus two wall vortex pairs!, the

total strain rate ṡ tot in the middle of the test section due to

three-dimensional induction is estimated by a simple super-

position of the strain rates of both pairs of wall vortices, i.e.,

ṡ tot'2ṡ. For the present example, the total strain rate in the

middle of the interface is therefore estimated at about 260

s21. Since it can be shown for most cases that the value of

the strain rate does not vary very much throughout the thick-

ness of the interface, the overall thinning rate of the interface

due to wall vortex strain can be estimated from:

S dd

dt
D

vortex

'd ṡ tot , ~5!

where d is the observed thickness of the interface. For this

example, since d510 mm, the thinning rate induced by wall

vortices is about 0.6 m/s, which is of the same order of

magnitude as the measured overall thickening rate of the

TMZ at this interface for this experiment.4 Although the ac-

tual problem is three-dimensional, this result has the right

order of magnitude.

In summary, in addition to grossly distorting the shape

of the interface, the wall vortices play a role in the evolution

of the thickness of the TMZ at the interface, most impor-

tantly when very little growth is observed such as in the

smooth continuous interface experiments. For the continuous

interface, the thinning rate is estimated at about 50% of the

reshock and late-time growth rates. For discontinuous ex-

periments, where TMZ thickening is more rapid, the magni-

tude of the wall vortex strain is estimated at no more than

10% for the experiments performed in the present facility. It

is also interesting to note that, when wall vortices are devel-

oping below the interface, as it is the case for all the present

results, the strain rate at the interface is negative, which re-

duces the thickening rate of the TMZ; on the other hand, if

wall vortices were developing above the interface, as it is the

case for reverse wall vortices ~Fig. 15!, the opposite effect

would take place: the growth rate of the TMZ would be

increased. Altogether, the influence of wall effects can be

reduced by avoiding large boundary layer thicknesses and

using wide test sections.

D. Test gas contamination

The mechanism for the generation of the wall vortex at

an interface, namely, the Richtmyer–Meshkov instability, is

different than that which causes reflected shock waves in

molecular gases to bifurcate on the side walls of shock tubes.

Thus, the use of a monoatomic test gas would not alleviate

the wall vortex effect, as seen in Fig. 18~a! for an air/Xe

interface, though the occurrence of bifurcation may aggra-

vate it. In studies of the Richtmyer–Meshkov instability and

in reflected-shock tunnels, it is necessary that the test sec-

tions be designed large enough that the wall vortices and

bifurcation bubbles do not occupy the entire flow or that the

long-range effects of vortex induction do not seriously com-

promise the accuracy of measurements.

In particular, the mechanism of wall vortex formation

presented here can explain the results of Stalker and Crane15

who, for certain experimental conditions, observed test gas

contamination in reflected shock tunnels even though shock

bifurcation was absent.

To quantify these effects experimentally, the axial pen-

etration of the wall vortices into the test gas was measured

for long period experiments with the light/heavy continuous

interfaces. Figure 20 shows the wall vortex penetration speed

up , measured in a reference frame moving with the inter-

face, after the interaction of the interface with the first re-

shock; up is normalized by the interface velocity change in-

duced by the first reshock @u#1 . This data is plotted against

the ‘‘reshocked’’ Atwood ratio A18[(r test8 2rair8 !/~rtest8 1rair8 ),

where rair8 and r test8 designate the density of the air and test

gas, respectively, after the interaction of the first reflected

wave with the interface. The multiple points for a given in-

terface at a fixed shock strength are for different interface

initial thicknesses. If the value of penetration velocity mea-

sured in the laboratory frame of reference ~given by up

1@u#02@u#1), is directed toward the end of the tube ~i.e., is

FIG. 19. Schematic of vortex pair configuration used to estimate interface

strain induced by wall vortices.

FIG. 20. Wall vortex penetration speed ~nondimensional! vs reshocked At-

wood ratio. Long period experiments with light/heavy interfaces. Incident

shock Mach number: d: 1.12, l: 1.32, 3: 1.48, j: 1.66. Points denoted by

—— refer to interfaces with large initial thicknesses, i.e., d'30–40 mm for

these interfaces, as opposed to d'10–20 mm for the thinner ones. The

uncertainty on up /@u#1 is 60.03.
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positive!, the wall vortex can ultimately contaminate the en-

tire test gas slug by making its way to the end wall of the

shock tube. The large scatter in the results does not allow

specific conclusions to be drawn with regards to the effect of

shock Mach number or interface thickness and this is due

mostly to the large uncertainty in tracking the extent of the

wall vortex.

E. Small-scale perturbations on initially smooth
interfaces

It is also found that 2D and 3D wave fronts are gener-

ated by disturbances on the interface and on the side and end

walls of the shock tube, and by interaction with the boundary

layers. After these waves reverberate between the side and

end walls of the shock tube and the interface itself, they can

be responsible for the introduction of small perturbations on

the interface, which can explain the observed thickening of

initially smooth thick interfaces.3,4,19 These effects have to

be kept in mind when comparing results from experiments

performed in different facilities, where the geometry and ex-

perimental conditions are not the same.

VI. CONCLUSIONS

The development of viscous boundary layers on the side

walls of the shock tube in the fluid in motion behind the

incident shock wave can cause the bifurcation of the re-

flected waves and thereafter the formation of wall bubbles

and interface-contaminating jets. The appearance of these bi-

furcation wave patterns has been observed in the context of

the Richtmyer–Meshkov instability and there were success-

fully compared with the models of Mark and Hess. The gen-

eration of vortical structures by shock wave-boundary layer

interaction at the interface has also been demonstrated. Even

if wave bifurcation arguments preclude the appearance of

interface penetration jets, significant contamination can be

caused by the wall vortex mechanism. The need for experi-

mental methods to distinguish the effects of these wall vor-

tices from the primary phenomena under study has also been

pointed out. Moreover, the strain field induced by the vortic-

ity in these wall structures tends to thin the interface; the

magnitude of this effect in most of the present experiments is

estimated to be of order 10% for discontinuous interfaces

and 50% for continuous interfaces. The accurate character-

ization of interface phenomena requires the identification of

extraneous effects introduced by the experimental apparatus.

This could be achieved more easily by using different flow

visualization and measurement techniques. The comparison

of results obtained from different facilities, where the geom-

etry and experimental conditions are not the same, is difficult

to achieve, since the accurate quantification of most of these

effects is not yet achievable. In general, it can be concluded

that most of the side effects of the experimental investigation

of the Richtmyer–Meshkov instability can be alleviated by

performing experiments in large test sections at near atmo-

spheric initial pressure.
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