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The Impact of Numerical Integration on Gas Curtain Simulations (U)

W. J. Rider, J. R. Kamm
Los Alamos National Laboratory

In recent years, we have presented a less than glowing experimental comparison of hydrody-
namic codes with the gas cu?ain expen”ment (e.g., Kamm et al. 1999a). Here, we discuss the
manner in which the details of the hydrodynamic integration techniques may conspire to produce
poor results. This also includes some progress in improving the results and agreement with ex-
perimental results. Because our comparison was conducted on the details of the experimental 1

images (i.e., their detailed structural information), our results do not conjlict with previously
published results of good agreement with Richtmyer-Meshkov instabilities based on the integral
scale of mixing. New expen”mentaland analysis techniques are also discussed.
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Introduction
Comparison of numerical simulation results with experimental data provides an essential

element in the evaluation of modeling capabilities. Ideally, in such an evaluation both numerical
and experimental values are examined in an identical manner. This is precisely the course we
have taken in recent years in our examination of the gas curtain experiment, the results of which
(Kamm et al. 1999a) have raised more questions than they have answered.

The gas curtain Richtmyer-Meshkov experiment of Rightley et al. (Rightley et al. 1997, Vo-
robieff et al. 1998, Rightley et al. 1999) involves shocking a curtain of SF6 with a Mach 1.2
shockwave and examining the subsequent fluid mixing driven by the deposition of baroclinic
vorticity in the gas curtain. The baroclinic vorticity arises due to a mismatch between density and
pressure gradients, which, as a vorticity source (Saffman 1992), can act to enhance mixing in the
flow. In the present investigation, we simulate the gas curtain experiment primarily with the re-
search code Cuervo (Rider 1999), which uses a Godunov-type method in solving the Eulerian
hydrodynamics equations.

The question we address in the present work is, “How do different numerical methods affect
the quantitative analysis of the gas curtain results?” Employing analysis techniques that are
modifications of those used in previous investigations, we find that there are notable variations in
the spectral signatures of different numerical methods on the gas curtain simulations. We obtain
the reassuring result that different high-resolution shock capturing schemes all behave in a quan-
titatively similar fashion. We also present the disturbing finding that first-order schemes behave
in a manner that is both (1) qualitatively similar to the experimental data and (2) quantitatively
closer to the experiment than the (ostensibly “better”) high resolution methods. In closing, we
speculate as to some possible reasons behind these puzzling results.

Code Validation
The issue of computational quality is a central theme in the credibility of science-based

stockpile stewardship. One of the fundamental pillars upon which this scientific enterprise must
be based is code validation, or, more precisely, code physics validation. We follow the evolving
standard in our definition of code validation being the quantitative demonstration that a simula-
tion code accurately captures the intended physical phenomena. Basically, code validation is the
demonstration that the code is solving the correct equations @oache 1998). To unambiguously
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demonstrate that a code is solving the right equations for a physics regime of interest, code vali-
dation must be performed by comparing with experimental data. Our examination of the gas
curtain data and computational simulations thereof was undertaken in the spirit of a rigorous
code validation exercise.

Code validation is related to but distinct from other fundamental aspects of the code evalua-
tion process (AIAA 1998). More specifically, code validation is not
● code verification, which is the process of quantitatively demonstrating that a simulation code

accurately represents the chosen description of the mod61; more succinctly, code verification
is the demonstration that the code is solving the equations correctly;

. so@are V+V, which involves methods from Software Quality Assurance (SQA) and Soft-
ware Engineering (SE) and, being intrinsic to the software development process, depends on
an individual code’s development practices;

. benchmarking, which is another term for code-to-code comparison, which, while a critically
important activity in the transition from legacy codes to ASCI codes, is technically not part
of either verification or validation, but may be somewhat ambiguously categorized as “quasi-
validation”.

Each of these four processes, viz., code validation, code verification, software V+V, and bench-
marking, has unique characteristics and should not be confused with any of the others. Consistent
use of nomenclature in this evolving discipline will act to minimize confusion and misunder-
standing among researchers. Additionally, each of these procedures has a role to play in the
process of establishing the credibility of a simulation process, e.g., a computer code.

An important consideration is that both code verification and code validation must be under-
taken together. For example, a code that has been validated against experimental data without (or
with an unsuccessful) verification does not constitute a predictive capability; rather, it is a tool
that has been calibrated or tuned to perform interpolation among experimental data against which
it has been validated. Similarly, a code that has been verified but not validated is correctly solv-
ing a set of equations, but it remains to be seen whether those equations are appropriate for a
given physics experiment. To rephrase this point, validation without verification (or vice versa)
is not part of a scientifically credible process.

The need for quantitative verification and validation is particularly acute in light of the tacit
albeit misguided assumption that increased computing resources will result in improved answers.
Without the quantitative justification provided by the entire code evaluation process–verification,
validation, software V+V, and benchmarking-this relation of this assumption to any scientifi-
cally justifiable demonstration remains speculative at best.

Hydrodynamic Mixing
Hydrodynamic flow fields can be crudely categorized into two basic regimes. The first is

deterministic or “ordered” flow fields, for which a unique solution can be obtained (e.g., larninar
flow). The second is non-deterministic or “disordered” flow fields, for which a unique solution
cannot be expected (e.g., turbulent flow). An effectively one-dimensional shock tube with a
polytropic gas provides an example of the former, since a unique solution to the idealized one-
dimensional Riemann problem can always be obtained. Hydrodynamic mixing (in general) and
the gas curtain experiment (in particular) fall into the latter category, i.e., a unique solution can-
not be expected at any but the very earliest times.

For many high Reynolds number applications, direct ~umerical simulation (DNS) is simply
incapable of resolving the mixing. Moreover, for very high Reynolds number flow phenomena
(including many high energy density flows), no conceivable increase in computing power would
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admit meaningful DNS. Stating this another way, mesh refinement of the degree required would
not necessarily be possible; therefore, one should examine presently available simulations with a
critical eye. Figure 1 contains a schematic intended to illustrate the question: “Above what scale
can we trust the fidelity of a computational simulation of mixing phenomena?’

---
---

---

b.
-.

Figure 1. Schematic figures of computational mixing. These fig-
ures illustrate the question, “Above what scale can we trust the fi-
delity of a computational simulation of mixing phenomena?”

In response to this issue, the best to be’hoped for in such cases is that the simulation faith-
fully reproduce the “large scales.” Additionally, it is devoutly to be desired that one have some
justifiable notion of which scales are resolved and which are not. For scientifically meanin@l
simulation of such situations, therefore, one must address and quantify the statistical nature of
mixing as well as the variation of the flow phenomena with length scale. There are no univer-
sally accepted measures of these properties. In previous work (Kamm et al. 1999b), we have ex-
amined three such measures: fractal dimension, second-order structure functions, and continuous
wavelet analysis. In the present work, we shall focus on the fractal dimension, and quote results
for wavelet and Fourier analyses.

The Gas Curtain Richtmyer-Meshkov Experiment
In this section, we briefly review the gas curtain Richtmyer-Meshkov experiment. The inter-

ested reader is referred to the work of Rightley et al. (Rightley et al. 1997, Vorobieff et al. 1998,
.,Rightley et al. 1999) for further information.

The experimental apparatus is a 5.5 m shock tube with a 75 mm square test section. The
driver section is pressurized before the shot, and the rupturing of a polypropylene diaphragm
produces a Mach 1.2 planar shock. In the test section, a vertical curtain of SF6 is injected through
a nozzle in the top, and removed through an exhaust plenum at the bottom. Interchangeable noz-
zles containing different contours impose perturbations on the cross section of the curtain, the
downward velocity of which is -10 cmk. Figure 2 provides a diagram of the experimental con-
figuration.

The evolving flow is imaged by a horizontal laser light sheet. A tracer material consisting of
glycol fog (with a typical droplet dimension of 0.5 pm) is added to the curtain to greatly improve
the dynamic range of the images, which are captured by CCD camera. A detailed discussion of
the experimental apparatus, including a discussion of the flow tracking ability of the glycol fog
and experimental error analysis, is given by Rightley et al. (1997)

3
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ra

Figure 2. The gas curtain experimental configuration.

The flow in this experiment develops the Richtmyer-Meshkov instability, from the impulsive
deposition of baroclinic vorticity at a material interface by the shock. The development of this
instability ultimately leads to turbulence in the late-time flow field. The instabilities captured in
this experiment can arise in more general situations, e.g., from either ordered or disordered initial
conditions, and are important in a variety of applications, e.g., supernovae, ~nertially ~onfined
fusion (ICF), etc. Figure 3 shows the typical image resolution obtained from the experiment and
exhibits the behavior that occurs in the nonlinear regime (modal coupling).

Figure 3. Snapshots at At = 100 ps of the SFGgas curtain hit by
M=l.2 shock.

Previous work has established the ability to compute the development of the integral scale
(i.e., mixing layer width) for the gas curtain (Baltrusaitis 1996). Unfortunately, the fidelity of the
experimental data at that time was insufficient to determine the capacity of the numerical meth-
ods to compute smaller scales. More recent gas curtain experiments have a significantly higher
experimental fidelity that does allow interrogation of scales smaller than the integral scale. Ad-
ditionally, new experiments include ~article ~mage Yelocimetry (PIV)–see Prestridge et al.
(2000a)-and a simplified cylindrical initial condition, the validation of which is ongoing
(l?restridge et al. 2000b).
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Analysis Methods
As mentioned earlier, there are no universally accepted measures by which to compare de-

tails of disordered flow fields. The primary metric we consider herein is the local fractal dimen-
sion of the volume-fraction profile. The behavior of this measure, either between experimental
observations and calculated results or among sets of calculated results, can be quantitatively
compared over some range of length scales.

In previous analyses, we used the standard box-counting fractal dimension algorithm. This
technique has some drawbacks (Gonzato et al. 1998, Gonzato et al. 2000), including its compu-
tational intensity. Furthermore, it is constrained by the need to examine one specific contour at a
time. In our previous analysis, the entire volume-fraction surface was not included in the fractal
calculation. As documented (Kamm et al. 1999a,b), the fractal dimension results, based upon
analysis of many volume-fraction contours, consisted of a surface plot that, while demonstrating
statistically significant quantitative differences between experiment and computation, was com-
plicated and difficult to interpret. The general technique and procedure for conducting a box
counting fractal analysis are presented in Fig. 4.

● Image * Contour * Box Count * Dimension

~ _ lim 10g[l/N(r)l r = box size
—

f ,+() log r N(r)= min # of covering boxes
Figure 4: The basic steps in the process of computing the fractal
dimension via a box counting algorithm

We have subsequently turned to the less widespread but computationally more efficient tech-
nique of fractal dimension estimation using the variation method (Dubuc et al. 1989a, Dubuc et
al. 1989b). Briefly, this method is based on computing variations in the surface, that is, the dif-
ferences between maximum and minimum values in local neighborhoods of characteristic length
scale 8. From these values, properly integrated, one can infer the overall fractal dimension as the
logarithmic derivative of the integrated variation considered as a function of the properly scaled
length e. Using the “pyramid algorithm” described by these authors, the calculation of these
quantities becomes recursive, and, consequently, much more computationally efficient than the
box-counting approach. Figure 5 shows the equations used locally and the integral nature of the
image analysis. Important aspects of this technique include its use of the entire surface (that is,
the absence of the arbitrary nature of the contour selection used in box counting) and its equiva-
lence to box counting in the limiting case of vanishingly small length scale.

Dimotakis & Catrakis (1997) consider the scale-dependent fractal dimension in their exami-
nation of turbulent jets. This local fractal dimension is the log-log slope of each pairwise set of
data, as opposed to the best fit of the log-log slope over the entire scale range. For the case at
hand, the local (variation) fractal dimension is calculated as the log-log slope between each pair
of (scaled length, integrated variation) values. For additional details, the interested reader should

5
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var(xo, E) = sup(u(x)) –inf(u(x))
Ix-xo[<e lx-xo[c~

Var(s) = Jvar(x,e)ch

Box count

(1)

(2)

Var(&)=Nbox E
C-+o

Figure 5: The equations and details of the variation dimefision—
method, which uses the entire image (surface) and does not require
the selection of a contour. In the limit of vanishing length scale
(box size), the same result as the box-counting dimension obtains.

consult the cited references. The outcome of this method is a plot in which the abscissa is the lo-
cal length scale and the ordinate is the log-log slope between continuous pairs of (scaled length,
integrated variation) values. This approach is the measure with which we quantify both experi-
mental and computational data in the next section.

Results
We examine numerical simulations of a single gas curtain experiment, and use an image of

the experimental initial conditions to initialize the computations. These images are corrected for
noise by using a speckle filter that has a threshold intensity value equal to that of the CCD cam-
era; the denoised images are used in the analysis of the experimental data. The denoised initial
condition is subsequently smoothed with a Gaussian filter, which diffuses the initial values in a
physically reasonable fashion. These smoothed data are then interpolated onto the discrete com-
putational grid. Figure 6 shows the results presented previously using the box counting method.
The chief complication in this case is the arbitrary selection of contours. Given the poor com-
parison it is essential that this analysis be done in an unbiased manner.

Experiment Cuewo RAGE

.0 ~ 1$ l.fj

.5$ l.$j j. l,$j ~

“~ g 14 & 14 e
~Q

13 $
1?

~ la ~
*O 14 j 14 j
., $

1.1 $ 1.1 $

L w

Figure 6: Typical results found using the box counting technique
comparing the gas curtain data, Cuervo, and RAGE. There is a
consistent discrepancy between the calculated results and experi-
mental data. These differences increase as the mesh is refined.

6
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We show in Fig. 7 the local fractal dimension as a function of length scale for the experi-
mental data at t=400 ps and two high-resolution calculations, one on a 200x200 grid and one on a
400x400 grid. These results show a clear difference, at all scales, of this measure. The two com-
puted results exhibit quantitative and qualitative similarity; additionally, the computed results
appear to not converge to the experimental result with increased resolution.

2.8

2.7

2.6

2.5

2.4

2.3

2.2

2.1

20~
0.6

iength Scale “

m(

(

Figure 7. Local fractal dimension at t=400 ps of the experiment
(black), and second-order Cuervo calculations on 200x200 (blue)
and 400x400 (red) grids, all as functions of length scale. The corre-
sponding volume fractions are on the right.

To see if the behavior exhibited in Fig. 7 was in some way connected with the Cuervo code,
we next considered results for the same initial conditions as calculated by a completely different
code. Tariq Aslam of LANL DX-1 kindly agreed to run this problem on a research code he wrote
that uses a third-order WENO method. Figure 8 contains a plot comparing the t=400ps local
fractal dimension as a function of length scale for the experiment, the 200x200 third-order Cu-
ervo calculation, and the 200x200 WENO calculation. Again, the high-resolution code values are
both qualitatively and quantitatively similar, and differ significantly from the experimental re-
sults. This agreement among high-resolution schemes is evocative of our previous results
(Kamm et al. 1999b). There we demonstrated a correspondence between Cuervo and RAGE re-
sults that differed by statistically significant amounts from the experiment in fractal dimension,
second-order structure functions; and wavelet coefficients

2.61 . . . . . . . . . . . . . . . . . . . . . . . . ,.. ti

!~
o 0.1 0.2 0.3 0.4 0.5 0.6

Length Scale

Figure 8. Local fractal dimension at t=400 ps of the experiment
(black), 200x200 third-order Cuervo calculation (blue), and
200x200 WENO calculation (red) as a function of length scale. The
corresponding volume fractions are on the right

7
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From these results, we hypothesized that some aspect of the high-resolution methods maybe
introducing extraneous high-frequency information in the simulations. Therefore, we performed
a series of calculations in which the integrator was first-order accurate. The local fractal dimen-
sion results for that investigation are shown in Fig. 9. The plot at the left reveals the first-order
results to bear both qualitative and quantitative similarity to that of the experiment.

2.8k . . .. r . . . . . . . . . . . . . . . . . ..3

E

Figure 9. Local fractal dimension at t=400 ps of the experiment
(black), and first-order ‘Cuervo calculations on 200x200 (red),
300x300 (blue), and 400x400 (green) grids, all functions of length
scale. Corresponding volume fractions are on the right.

We provide in Fig. 10 a comparison of the local fractal dimension of the experiment, the
first-order, and second-order Cuervo calculations, both on 400x400 grids. This figure clearly ex-
hibits the qualitatively and quantitatively superior results provided by the first-order method.
These results beg the question, “Does the improved correspondence between the experiment and

2.7 :

2.6 :

2,5

2.4 :

2.3 ‘

2.2

2.1

2
0 0.1 0.2 0.3 0.4 0.5

Length Scale

Figure 10. Local fractal dimension at t=400 ps of the experiment
(black), first-order Cuervo calculations on 400x400 grid (green),
and second-order Cuervo calculations on 400x400 grid (red) grids.
Corresponding volume fractions are on the right.

first-order calculations relative to the second-order calculations hold up in different metrics?”
We address this question by considering both Fourier and continuous wavelet analyses of the
t=400 ps volume fractions. The Fourier spectrum is computed as the absolute-wavenumber de-
rivative of the cumulative wavespace (volume-fraction) spectral “energy” ~(k), calculated as

UNCLASSIFIED
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(3)

where the “hat” denotes the FFT of the volume fraction F. The continuous wavelet analysis uses
the isotropic Marr (“Mexican hat”) wavelet in two dimensions, and follows the discussions of
Farge (1992) and Jordan et al. (1997), to which the reader is referred for details.

We show in Fig. 11 the cumulative Fourier (volume-fraction) spectral energy, the corre-
sponding Fourier density energy spectrum, and the Farge wavelet energy spectrum for the
t=400 ps volume fractions shown in Fig. 10. The cumulative Fourier spectral energy shows a
similar trend between the experiment and the first-order results, while the corresponding spec-
trum (i.e., the absolute-wavenumber derivative) largely eliminates the details. The Farge wavelet
energy spectrum exhibits both qualitative and quantitative similarity between the experiment and
first-order results, over a range of scales, which are distinguished from the second-order results.

EM!HF: lE.4 ......{ ........ ....... ...

0.1 1 10 100 1000 , 0.1 1 10 100 1000 0.01 0.1 1
Wavenumber Wavenumber Scale Length

Figure 11. Cumulative Fourier spectral energy (left), Fourier en-
ergy density spectrum (middle), and wavelet energy spec-
trum (right) at t=400 ps for the experiment (0), first-order Cuervo
calculations on 400x400 grid (I), and second-order Cuervo calcu-
lations on 400x400 grid (+) grids.

Summary
We have examined the gas curtain Richtmyer-Meshkov experiment of (Rightley et al. 1997,

Voro~ieff et al. 1998, Rightley et al. 1999) and numerical simulations of that experiment using a
modified scale-dependent fractal dimension measure. We find significant variations in the spec-
tral signatures of different numerical methods on the gas curtain simulations. Different high-
resolution shock capturing schemes exhibit quantitatively similar behavio~ these results vary
from first-order results, which are (1) qualitatively similar to the experimental data and
(2) quantitatively closer to the experiment than those of the (ostensibly “better”) high resolution
methods. Continuous wavelet analysis provides independent confirmation of these trends.

We speculate that some currently unknown aspects of high-resolution methods for multidi-
mensional compressible flow may be undermining the statistical scaling in the gas-curtain
Richtmyer-Meshkov simulations. A more tenuous conjecture is that these effects may be exacer-
bated in the low Mach number regime.

Lastly, we observe that experiments with high fidelity diagnostics were critical to uncovering
these issues. We would be delighted to have flow diagnostics of even higher spatial resolution,
and respectfully petition our experimentalist colleagues to redouble their efforts at this endeavor.
We shall further pursue our own efforts at rigorous validation exercises, and argue that quantita-
tive “apples to apples” comparisons of experimental data with numerical results provide the most
meaningful and compelling measure of the capabilities of numerical simulation.
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