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Abstract

The Richtmyer-Meshkov instability (RMI) of a twice-shocked gas interface is studied using high-speed planar-laser
induced fluorescence (PLIF) in the Wisconsin Shock Tube Laboratory’s vertical shock tube. The initial condition
(IC) is a shear layer with broadband diffuse perturbations at the interface between a helium-acetone mixture and
argon. This IC is accelerated by a shock of nominal strength M = 1.8, and then accelerated again by the transmitted
shock that reflects off the end wall of the tube. An estimate of the light gas mole fraction is extracted from high-
speed imaging using an iterative process that accounts for the nonlinear temperature dependence of the acetone’s
fluorescence quantum yield (FQY) and absorption cross-section. A vorticity deposition model for the initial growth
rate after re-shock is compared with the Mikaelian model for re-shock. Previously used in literature, the number of
generations is shown to naturally arise from a normalisation of the scalar transport equation. A self-similar analysis
is then performed using the mole fraction data to explore the evolution of the RMI after reshock and the higher order

moments of the light gas mole fraction are compared with a proposed model.
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1. Introduction

The RMI occurs when fluid layers are impulsively ac-
celerated in a direction normal to the interfaces between
the layers, leading to the growth of any perturbations. The
RMI is seen as a primary cause of inefficiency in attempts
to produce energy via inertial confinement fusion (ICF)
[1]. The capsule and fuel form a material interface, and
the process of compression with intense x-ray laser light,
generated through reflection of UV laser beams off the
walls of a hohlraum, causes the propagation of a shock
across this boundary, leading to the mixing of the fuel and
capsule material and reducing yield. The instability has
also been proposed as an important mechanism by which
the mixing of fuel and oxidant in hypersonic aero-engines
can be increased [2].
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The study of the RMI often involves the use of a shock
wave in a shock tube. This is the setting originally used by
Meshkov [3] to experimentally confirm Richtmyer’s the-
ory [4]. Previous studies of the RMI have used various ini-
tial conditions including: nitro-cellulose membranes [5]
that provide a repeatable interface geometry and allow for
gravitationally unstable configurations to be investigated;
membrane-free interfaces including vertical gas curtains
[6]; gravitationally stable horizontal interfaces perturbed
using oscillations of the entire shock tube [7]; pistons [8];
loudspeakers [9]; transverse gas injection [10]; and pre-
cisely orientable shock tubes that can be rotated to a de-
sired angle from vertical [11].

Previous studies have used a variety of different diag-
nostics for quantifying the RMI development, including:
schlieren [5], particle image velocimetry (PIV) [12], cor-
relation image velocimetry (CIV) [13] and planar laser-
induced fluorescence (PLIF) [14]. A recent investigation
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has combined multiple techniques with high-speed imag-
ing [15, 16, 17]. A comprehensive review of the state of
the art is presented by Zhou [18, 19].

2. Experiment Set-up

Experiments are conducted in a 9.1 m long, vertical,
downward-firing shock tube with a square internal cross-
section (25.4 cm on a side) shown in Fig. 1. The facility is
described in detail by Anderson ef al [20]. The 2-m long
driver is filled with nitrogen to 80% of the rupture pres-
sure of a 16-gauge steel diaphragm. The driven section is
evacuated to 20 kPa, then a stagnation plane is formed by
flowing the helium-acetone mixture downward from just
below the diaphragm and flowing argon upward from just
above the end wall of the shock tube.

Once the stagnation plane is formed, and the pressure
in the tube is 110 kPa, the vacuum system is turned on
pulling excess gas from the vacuum line shown in Fig.
1 and a shear layer is generated using two planar jets
with argon injected above the stagnation plane and he-
lium/acetone mixture below it. This configuration allows
the resulting buoyancy forces to aid in development of
Kelvin-Helmholtz roll ups. This initial condition has been
used in previous studies in this facility [21, 22].

The pressure inside the tube is now at a steady state
with excess gas being taken out at the interface by the
vacuum system. This steady state is allowed to persist for
15 minutes to allow any air that was mixed in with the
desired gases to be extracted from the system.

A pulse-burst laser system is used to create a pulse train
of 10 ms duration at a repetition rate of 20 kHz. The sys-
tem amplifies the output of an Nd: Y VO, oscillator laser in
Nd:YAG amplification stages. The fourth harmonic out-
put at 266 nm is used in the experiments with an average
energy of 30 mJ per pulse for each pulse in the burst. The
pulse train is passed through a spherical lens and a cylin-
drical lens to create a diverging laser sheet that spans the
entire width of the shock tube 1 m above the end wall of
the tube. This laser sheet excites the acetone present in
the light gas mixture causing it to fluoresce. A Phantom
V1840 high-speed camera with a 1 pus exposure is used to
capture the resulting fluorescence signal. Camera linear-
ity was previously measured in a light-box, and the results
are used to correct PLIF measurements.
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Figure 1: Diagram of test section showing coordinate system and exper-
iment layout.

To generate a shock, the steel diaphragm is ruptured.
Figure 2 shows a combined experimental and theoretical
z-t diagram for HS4 (Table 1). The reference axes are
oriented so that the reflected shock (green) is shown prop-
agating in the positive z-direction. This reflected shock
interacts with the mixing layer at time ¢#=0; a shock is
transmitted while a rarefaction is reflected which then re-
flects off the end wall of the shock tube and interacts with
the mixing layer. This interaction causes the centroid of
the mixing layer to become stationary within the field of
view. At 3 ms, there is a compression wave propagat-
ing vertically downward which is the transmitted shock
reflecting off the contact surface between the driver gas
and the driven gas. This causes the mixing layer to begin
propagating downward while also compressing the mix-
ing layer.
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Figure 2: Combined experimental and theoretical z-# diagram showing
the spanwise averaged light gas mole fraction as a function of z and ¢
from HS4 (Table 1). z = 0 and ¢ = O represent the spatial and temporal
location of the interaction of the reflected shock with the interface. The
overlaid wave pattern is generated from 1D gas dynamics and shows
the initial shock, reflected rarefaction and a compression train from the
shock reflecting off the contact surface above the window (the contact
surface being the surface separating the driver gas from the driven gas.)

3. Concentration measurements from PLIF

A procedure based on the method described in [14] is
used to extract an estimate of the light gas mole frac-
tion from each frame of the captured high-speed video.
The camera operation is such that 10 frames are obtained
before the arrival of the interface into the field of view.
These 10 frames are used to generate a background signal
which is then subtracted from each frame containing the
interface so that a region of zero light gas mole fraction
has a signal level of zero. Each frame is then transformed
into an r—6 coordinate system aligned with the laser sheet
and is corrected for signal decrease due to laser sheet di-
vergence.
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Figure 3: Absolute difference in mole fraction when using linear mate-
rial property variation with temperature versus the full non-linear mate-
rial properties.

Finally, the signal must be corrected along each ray to
account for attenuation according to Beer’s law and adi-
abatic mixing. The procedure is described in equations 1
and 2 and is explored in detail in [23].

n(r) T(r) _ T(r) S(r) O(ro) o(ro)
n(ro) T(rg)  T(rg) S(ro) ©(r) o(r)
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Equation 1 is the resulting expression for the estimate
of mole fraction, &, as a function of r along a light ray
where 7 is the number density, T is the mole fraction aver-
aged temperature, S is the background-subtracted signal,
® is the fluorescence quantum yield, and o is the absorp-
tion cross section. The ratio n/ny is well estimated by this
procedure, however the light gas mole fraction is only ap-
proximately known due to the possibility of diffusion of
acetone from helium to argon. Both ® and o depend non-
linearly on temperature. Here the model from Thurber
et al [24] is used to calculate this behaviour. Using this,
along with an ideal gas equation of state for each compo-
nent, the adiabatic mixing rule, Eq. 2 in parallel with Eq.
1 is solved iteratively to find an estimate for &.

Figure 3 shows the difference between using a linear
material property approximation vs. the full non-linear
properties, encouraging the use of the more complex it-
erative algorithm for the estimation of mole fraction at
re-shock temperatures and pressures for acetone PLIF.
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The bulk temperatures in gas 1 and 2 are estimated
from 1D gas dynamics using wave speeds measured by
the pressure transducers (PTs) along the length of the
shock tube, and the interface velocity is measured using
the high-speed video. The wave speed of the incident
shock is well captured by the PTs with 5 PTs capturing
arrival times, while the bulk velocities of the interface af-
ter shock and after re-shock are well captured by the high-
speed PLIF imaging with at least 5 frames capturing the
position of the interface after each wave interaction.

With the measurement of the incident wave speed and
the initial bulk interface velocity, the composition and
shock strength can be determined, then the bulk tempera-
tures, pressures and densities after successive wave inter-
actions can be estimated.

Figure 4 shows a subset of the resulting light gas mole
fraction fields, each row being a time series with the first
image being the re-shock initial condition, and the second
image being the frame after the reflected shock has fully
traversed the interface.

4. Non-Dimensionalisation of Governing Equations

4.1. Deforming Reference Frame

Here the transport equation for the light gas mole frac-
tion is transformed into a deforming frame of reference
that follows the centroid of the interface and scales with
the mixing width. This has the same form as found by
Ristorcelli er al. [25] except a change of variables in the
time derivative term shows that In 4" appears as the evolu-
tion parameter. This is to allow an identification of terms
and a comparison between experiments. The functional
form of this transformation is &(x,z,7) — &%, z°,h")

X 2= 20 .
—, 7 = and 4" = — where W is some

w h hy
representative spanwise length scale (here it is the shock

tube width), zp is the time-varying location of the inter-
face center, £ is the time-varying mixing thickness and /g
is the initial mixing thickness after re-shock.

Introducing the spanwise average in the x-direction of

some function f as
_ 1 w
= — d
! Wfo fdx

with x* =

3

such that & = £ + &', the mixing thickness is defined as

h=4fooé(1—§)dz. 4)

Our data analysis starts with the transport equation for &

i3]

—_ . = 2
Y + V.- ué = DV, 4)

where u and D are the velocity and mass diffusivity, re-
spectively. Specialising to 2D, and introducing the fol-
lowing non-dimensionalisation

*_u_VOeZ

u -
h

(6)

0
where V) = g is the bulk velocity of the interface in the

lab fixed frame and zp = 4 f 2&(1 — &)dz is the mixing

fraction-weighted centroid. One can show (Appendix A)
that Eq.5 rewrites as
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This leads to evolution equations for the mean and vari-
ance of the light gas mole fraction:
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(3)

summing over i.

The number of generations n, = Inh" appears here
as the appropriate dimensionless time for a shock-driven
mixing layer. The number of generations used in [26] is
the doubling time, which is the logarithm base 2 of the
normalised mixing width, however the natural logarithm
here follows as a result of the normalisation. These are
related by a factor of In 2.



4.2. Translating Reference Frame

If the normalizations are held constant in time such
that the functional form of the transformation becomes
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7 = 1-2 where hy is the initial growth rate after re-shock,
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then the normalised equation for the mean and variance
respectively become
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where /g is the initial growth rate of the interface after
reshock and after completion of phase reversal.

5. Results and Discussion

Table 1 shows the details of each experimental run in-
cluding: the incident shock strength (M), the post-shock
(A*) and post-re-shock (A**) Atwood numbers, and the
post-re-shock Reynolds number (Repy).

Figure 5 shows the plot of the initial growth rate of
the interface after re-shock normalised by the jump in in-
terface translation velocity against the theoretical value
of this ratio. Two models are considered. The first is
Mikaelian’s

ﬂ = CMA++

AV (12)

where AVj is the jump in interface bulk translational ve-
locity, A** is the post-re-shock Atwood number, and Cy,
is an empirically fitted value. Cjs has been shown to
have a range from 0.28 to 0.9 by Ukai ef al [27]. Here
Cy = 0.28 and Cy; = 0.9 is used with Cy; = 0.28 corre-
sponding to the original value ascertained from RT exper-
iments and Cy; = 0.9 being the value found by Ukai et al
to fit well for sharp 3D ICs. Here the ICs are diffuse and
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Figure 5: Plot of normalised initial growth rate of the mixing thickness
directly after re-shock.

closer to 2D. The second is a vorticity deposition model
furthering work by Weber [28].

ho ¥ 0f Pprs

AV, 8 Im (Inpy ¢ azdz AVo'
Here p is approximated as p = po(1+(R** — 1)&) where pg
is the density of the light gas after re-shock and R** is the
post-re-shock density ratio. hprs is the interface growth
rate before re-shock. A derivation of Eq. (13) is shown in
Appendix B. This model does not use any empirical fitting
constants and Fig. 5 shows a better agreement between
this model and measurements than Eq. (12).

(13)

5.1. Spanwise Averaged Moments

A subset of three experiments are studied. The IC for
each experiment is shown in Fig. 6. HS4 and HSS8 have
similar structures while HS6 has a markedly dissimilar
structure. This will allow a comparison of IC influence on
moment evolution.

Figure 7 shows the normalised mixing thickness
against the normalised time. The dashed black line rep-
resents a linear growth rate with time. This behavior is
seen initially in all three experiments with HS4 and HSS8
deviating from this linear growth while HS6 persists with



M A* A** Reyo ho [cm] hO [m/s]  Xacetone P
HS1 1.88 0.320 0.323 2.6x10*  1.17 36.58 6.7
HS2 1.89 0.320 0.326 2.5x10° 221 121.3 5.1
HS3 1.93 0.268 0.266 3.0x10°  2.02 127.5 2.1
HS4 1.94 0.253 0.247 4.7x10*  0.46 71 3.8
HS5 1.96 0.230 0.221 1.8x10*  0.63 16.53 1.8
HS6 1.90 0.306 0.312 7.8x10*  0.82 66 2
HS7 1.99 0.191 0.170 2.5x10*  0.34 51.2 29
HSS8 1.95 0.244 0.236 1.9x10*  0.24 68.92 24
Table 1: Parameters of high-speed experiments
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Figure 6: Light gas mole-fraction of the ICs of the three experiments analysed in further detail in section 5. a) HS4, b) HS6, c) HSS.
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Figure 8: Downward vertical velocity of the mole fraction-weighted cen-
troid of the mixing layer.

a linear growth until the arrival of the reflected compres-
sion wave shown in Fig. 2.

The plot of interface bulk velocity in Fig. 8 shows
the forcing applied to the interface is consistent between
experiments HS4, HS6 and HS8. An initial downward
shocked velocity is first observed; upon reshock, the inter-
face has an upward velocity until interaction with the rar-
efaction reflecting off the bottom wall of the shock tube.
After 1 ms, the interface is stationary until the arrival of
the compression wave (around 3 ms after the start of high
speed imaging).

The structure of the ICs is plotted in Fig. 9, show-
ing the spanwise average, spanwise variance, integrated
phase spectrum and integrated energy spectrum. These
may be combined to generate a model interface such that

£, x7) = €+ F['[\E2E£e®] where F is the Fourier
transform.

Figure 10 plots the spanwise average light gas mole
fraction. The initial linear growth phase after re-shock
has similar structures here between all three experiments,
however, at later physical times, large variations in the
structure occur that are experiment dependent.

The spanwise variance, plotted in Fig. 11, is a measure
of the local departure from mixedness. All three experi-
ments begin with a Gaussian-like profile, nearly symmet-
ric about the center of the mixing layer. There is an ini-
tial reduction in magnitude due to phase reversal occur-
ring where structures invert. In a single mode system this
would potentially allow the variance to momentarily fall
to zero. Here, in a multi-modal system, different struc-
tures will have different speeds at which they will reverse
phase only reducing the variance. In HS4 and HSS8, this
phase reversal is followed by a growth in the extent of
bulk structures, with more smaller scale mixing occurring
on the heavy gas side, as seen by the lower values of the
variance in the region z* < 0, and with bulk penetration
on the light gas side, leading to asymmetric development
of the profiles. HS6 follows its phase reversal with a pe-
riod of stronger mixing where the variance is much lower
between 7 = 0.5 and v = 3. Bulk structure growth here
only occurs after interaction of the rarefaction with the
interface and can be seen in the profile plot of the vari-
ance as the spike at around z* = 0.5. This interaction
leads to growth of a bulk structure that produces similar
magnitude profiles at late times though with a stronger
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Figure 11: Left: contour plot of the spanwise variance of the light gas
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asymmetry than HS4 and HSS.

A self-similarity analysis was performed by Ristorcelli
et al. [25] on DNS data of a Rayleigh-Taylor unstable
interface with an Atwood number of 0.01. Profile plots
were normalised by the value at z* = 0, and show simi-
lar trends initially. Asymmetries in the profiles, however,
appear in the present case having a much higher Atwood
number, compared to the persistent symmetry at the latest
times shown by Ristorcelli et al.

Appendix C provides an argument for the physical in-

A
terpretation of _h as the effective turbulence band-
L
width. This is plotted against the number of generations
~ 1 [
in Fig. 12 where f = 7 f f dz which is used to extract

a single value for a given time similar to the process used
[k Ecdk

[ Eedk
tegral scale where E; is the spanwisg scalar power spec-
trum. This plot shows that HS6 has access to a broader
range of scales than HS4 and HS8. This aligns well with
the initial Reynolds numbers for each experiment, such
that a higher initial Reynolds number allows access to a
broader range of scales.

This argument is furthered by looking at the normalised
scalar dissipation C,, plotted in Fig. 13, where the profiles
show a roughly constant value in space and time and the
magnitude follows the same trend, with HS6 having the
largest value and HS8 having the smallest so that large
fluctuations are going to be more strongly damped in HS6.

Figure 14 is a plot of the time evolution of directional
effective Taylor Reynolds numbers, whose form is derived
in App. C. This is a measure of anisotropy, where the
variance of gradients in an isotropic flow would not de-
pend on the direction in which they are calculated. Here a
relationship of Re, . = 1.2Re, ; is seen a millisecond after
the reflected shock has fully traversed the mixing layer in
each of the experiments.

by Schilling et al. [29]. Here L = is the in-

5.2. Skewness and Kurtosis of the Scalar Field

The skewness S and kurtosis K¢ of the light-gas mole
fraction spanwise distributions, defined in Egs.(14 and
15), are shown in Fig. 15.
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Figure 12: Effective turbulence bandwidth as a function of the number
of generations.
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The skewness describes the asymmetry about the mean
of a distribution. The kurtosis characterizes how promi-
nent outliers or tails of the distribution are.

Schopflocher and Sullivan [30] studied the relationship
between skewness and kurtosis for a passive diffusing
scalar deriving relations of the form

_ Eas ~ 30 +28)
Ear - &)2

_ Eas— 4asE + 6arE —3F)

(@ - &)

which leads to a parabolic relationship of the form

S¢

a7

K. (18)

K :AS§ +B (19)

with the coefficients in general being time dependent.
Here a; are curve-fit parameters that allow the model to
be fitted to experiment data. The dotted and dashed lines
in Fig. 15 show Eq. (17) and (18) with ¢; = 1 for all i,
which corresponds to the naive PDF model not allowing



Figure 13: left: contour plot of the normalised scalar dissipation C,
in translating reference frame, right: profiles of Cy in the deforming
reference frame.

12

O Hs4
[ HSe6
+ HS8
200
200 400 600 1200 2000
Re/\.r

Figure 14: Anisotropy of the directional effective Taylor Reynolds num-
bers in log space. The dotted diagonal line represents isotropy. The
dashed diagonal line represents Rey , = 1.2Re, ;.

any fitting parameters derived by Schopflocher and Sulli-
van. Figure 16 shows the time variation of the A and B
parameters. These are comparable to the values found in
[30] from measurements conducted in a turbulent jet.

6. Conclusions

A set of experiments using high-speed PLIF were per-
formed to investigate the Richtmyer-Meshkov instability
upon re-shock.

The governing transport equation for the mole fraction
was normalised to show that the number of generations
appears as a natural measure of the dimensionless time in
a mixing layer system.

A model for the growth rate of the mixing width was
presented based on the deposition of vorticity not in-
troducing any empirical fitting parameters. This was
shown to overpredict the measured growth rate, while the
Mikaelian model underpredicts it.

An analysis of the time evolution of spanwise aver-
aged quantities was performed showing the appearance
of asymmetry in moments of the light gas mole frac-
tion spanwise distributions about the center of the mixing
layer.

An inverse of an effective fluctuating bandwidth was
defined and it was shown that this bandwidth grew the
fastest for HS6 which had the highest initial outer-scale



Figure 15: Plots of the spanwise skewness and kurtosis of the light gas
mole fraction vs £.(dashed line - Eq. (18), dotted line - Eq. (17)
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Figure 16: Evolution of curve fit parameters for the parabolic fit between
kurtosis and skewness, Eq. (19). Dashed lines are representative values
taken from Schopflocher and Sullivan [30].

Reynolds number of 7.8x10%. This shows that the flow
in HS6 produced structures with a larger range of scales.
Here the structure of the IC is seen to have a large ef-
fect: HS6 begins with a more diverse range of scales, and
also contains the largest spanwise gradients which cause
the largest deposition of velocity fluctuations leading to
stronger shearing.

The anisotropy of the flow for the three highlighted ex-
periments was shown to be a persistent, “frozen - in”,
anisotropy of ~ 1.2 using the ratio of directional scalar-
based Taylor scales. An effective Taylor Reynolds num-
ber of Re, = 1800 appears to have been reached before
the reflected compression wave from the contact surface
interacts with the mixing layer.

The skewness and kurtosis of the light gas mole frac-
tion are presented and shown to follow previous results
from turbulent jet experiments. A parabolic relationship
between skewness and kurtosis and a rational relationship
between skewness and kurtosis and the spanwise average
light gas mole fraction were found to fit well.
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Appendix A Derivation of governing equations

Using mass conservation

dp
— +V-pu=0, 20
5 VP (20)
Eq.(5) may be rewritten as
0
a_f +V-éu = DV (1)
Then performing the transformation &(t,x,z7) —
E(h*, x*,7") where
o0& 0¢ Oh*  O¢ O7°
5 22
o ol o1 oz o (22)
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ot ol hy ("7 R 23)

the full transformed equation becomes
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Simplifying this leads to
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which is
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RehSc[ﬁx*z(L) * 8z*2] (26)

Appendix B Derivation of post-shock growth rate
estimate

Following Weber [28], the vorticity deposited by a pla-
nar shock wave is derived. Starting with the momentum
equation

dpw _
o

9

ot 27)

14

Then the vorticity transport equation with only the
baroclinic term is introduced

ow 1 dp dp
=7 28
ot 0?9z dx (8)
which is
ow 1 dpw dp
— = 29
ot p? 0 Ox 29
Integrating over the interaction time leads to
AV, 0
_ 2% (30)
p Ox
which is
7 7 A
ow _a_uz_ﬂ@. (31)
ox 0z p Ox
If w >> u’ then
WI
= —(Inp) 32
AVo (Inp) (32)

which leads to an estimate of the initial growth rate af-
ter wave interaction of

co—a_
=8 f (lnp)’f’a—idz

where / prs 18 the pre-reshock mixing width growth rate.

ho
AV

h prs

AVy

(33)

Appendix C Physical interpretation of in-

homogeneous Taylor scale

Here an argument is made for a physical interpretation
of the scaled measured scalar-based Taylor scale as an es-
timate of the effective scalar power spectrum bandwidth.

We start from Eq.9 and choose a regime where the
scalar variance is in steady state in the proposed non-
dimensional coordinates, balancing orders of magnitude
and proposing there is a balance between production and
dissipation such that

1
,1*2 Re,Sc’

_ 9E
W*f/a‘f

- (34)



In this quasi-steady state, the mean mole fraction field
4z*

2w

) which leads to

- 1
can be approximated by & = Ser fe(

an approximation for w*¢&’

1 872
W = ———exp| — . (35)
42 ( n )
Taking the centerline values leads to
) —
Ay &%
—| =2r1——. 36
( h ) ﬂRehSc (36)

Using the isotropic homogeneous relation between the
integral scale, L, and the Taylor scale

2
1 L 1 L{ A
— = ——— = 10— = 37
Reh hReL /’l( L ) ( )
leads to

/10 /liso
— (38)

vaL L

A .
such that —— may be seen as an effective power spec-

trum bandwidth. Following this relation, the effective
Taylor Reynolds number may be written as

_ [3200 VAL

R
1 32

(39)

Appendix D Error estimation

IfF = o
AV

F comes from three sources: an uncertainty in &; in £2;
and in the Atwood number A. This can be written as

from Eq. (33), then the uncertainty in

theory

OF .\ (OF _\> (OF —\?
SF? = (—6A) + (—_55) + (:55’2) . @40)
0A dE 9E?
The derivatives of F' are approximated as
oF 2.8
= 41
0A  A?-1 @1

oF A?
— =5.6 (42)
0 1-A
oF 1+A
— =8In 43)
ag? 1-A
ho —
If G = ——| , then the uncertainty in G comes from
AVO exp

two sources: an uncertainty in /2 and one in AV,. This can
be written as

, (0G _.\? oG 2

G = (ah oh) + (6AV06AVO)

0A is calculated by propagating error estimates through

1D gas dynamics equations. Uncertainties here arise from

the measurement of the location of pressure transducers,

which lead to uncertainties in the wave speeds and uncer-

tainty in the rupture pressure of diaphragms. These lead
to 0A = 0.04.

The uncertainties in the light gas mole fraction field are
estimated using regions of uniform gas such that 6¢ =
0.014 and 6¢2 = 4.25E — 04

8ho and 6AV, arise from uncertainties in the light gas
mole fraction leading to 6/ = 2.1 and 6AV, = 16.

(44)
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