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The structure of a shock wave close to a wall
F. SEILER, M. WORNER and B. SCHMIDT (KARLSRUHE)

Tue rLow field at the foot of a shock wave, travelling along a wall, is investigated. Results of

density measurements are compared with numerical data which were calculated by means of

the direct Monte Carlo simulation method. Close to the wall large gradients in the flow variables

develop; the influence of the parameters, shock strength, the intermolecular force law and ac-

commodation coefficient will be discussed. Finally, the first numerical results for a binary gas

closemmgenmwall show a different separation effect in the shock wave than in the shear layer
to "

Zbadanopohmptywuupodsﬂwyfahudmowposuwammwdhikmnh Wyniki
pomiardéw gestodci poréwnano z danymi liczbowymi otrzymanymi za pomoca bezpoéredniej
symulacji Monte Carlo. W poblizu fcianki wystepuja wysokie gradientymnychpmplywu
omawia si¢ wplyw intensywnodci uderzenia, prawa rzadzacego silami medzyczasaeakowymn
i wspblczynnika akomodacji. Pierwsze wyniki liczbowe otrzymane dla dwuskladnikowej mie-
%mﬂwhmmgawkooduwmawfahudmmodmmodm-

HccneioBano mojie TEUCHMA B OCHOBE YApHON BOJNHBI, ABWKyllelca BAonb creHKH. Pe-
SYNBTATHI H3MEDEHHH IUIOTHOCTH CPRBHEHL! C UHCNOBLIMH JSHHLIMH, IONYIeHHBIMK IPH

QHCIIOBBIE PESYNBTATEI, NONYSCHHLIC UIA ABYXKOMIOHEHTHOH CMecH IasoB He—Ar, yKa-
3LIBRIOT Ha ABJICHAE OTPLIBA B yJspHOH BOMHE, OT/IMUAIOICCCA OT ABJCHASA MPOHCXOAAILNETO
B CJI0€ CKONEXKCHHMA IPH CTCHKeE.

1. Introduction

Tue rLow field at the foot of a shock wave, travelling along a wall into a stagnant gas, is
investigated. Figure 1 shows a sketch of the region of interest. Due to the contact of the
gas with the wall, the gas particles set in motion by the shock wave are slowed down and
a two-dimensional flow field develops. The gradients of the flow variables become large,

center line Ug

Fia. 1. Sketch of the reglon of interest.
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especially close to the wall. Here the gradients are much larger than in the undisturbed
shock wave far from the wall. Characteristic lengths in the problem are the shock thickness
4 at the centerline and the thickness & of the wall influenced region at the end of the shock

wave (see Fig. 1).

2. Numerical treatment of the problem

The direct simulation Monte Carlo method, as developed by BIRD [1], has been used
to obtain numerical data for comparison with the experimental results. Figure 2 shows
the model used for the two-dimensional simulation. In a two-dimensional channel a piston
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FiG. 2. Model for the two dimensional direct simulation
Gl distonce (x/M) Monte Carlo method.

is suddenly set in motion and moves into the stagnant gas. The gas in front of the piston
is simulated by a limited number of model molecules (8000 to 15 000 molecules). The sim-
ulated flow field, being bound by the piston, the centre or symmetry line, a right border
far enough from the piston and the solid wall, is subdivided into a limited number of
cells. The size of a cell is such that the change of the molecular quantities is small over
a cell. For the solid wall a simple accommodation model has been chosen. At the three
other field boundaries the molecules are reflected specularly. For the simulation a nondimen-
sional model-time is advanced in discrete steps. The molecules move according to their
individual velocities and collision pairs are chosen randomly in a cell according to their
relative speed. For the collision process an intermolecular force law is chosen. The mo-
lecular movement and the collision process are decoupled. After a certain number of
discrete time steps the two-dimensional flow pattern with a shock wave moving along
the solid wall evolves. The macroscopic quantities (density, pressure, temperature, mean
velocity) are extracted by sampling and averaging in each cell over the different moments
of the cell distribution function. Since the model number density per cell is small, the
macroscopic quantities fluctuate about an unknown mean value. The fluctuations can
be reduced by taking more molecules per cell or by repeating the simulation process several
times and averaging the macroscopic quantities. Limits of these procedures are set by the
demand in computer storage capacity and in computing time.
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To get information about the influence of the side walls on the flow, a three-dimensional
simulation of the real flow field in the test chamber is set up. Here the possibilities are
much more limited than in the two-dimensional case because the demand in storage capacity
and computing time soon become excessive.

The only theoretical treatment of the problem known to the authors is a continuum
approach by SICHEL [2]. Sichel used modified Navier-Stokes equations to get an analytical
solution for the two-dimensional problem without piston and extending to infinity per-
pendicular to the wall. Due to the fact that the main influence of the wall is limited to’
a region very close to the wall, a comparison of Sichel’s results with numerical results
should allow one to draw some conclusions. The continuum approach limits Sichel’s
results to weak shock waves (M, < 1.3).

3. Experiment

A simple low density shock tube of a 150 mm inner diameter was used to generate the
shock waves. At the end of the driven section a 90 by 90 mm test section was attached
and a square cookie cutter in front of the test section cut out a square piece of the shock
wave. For the measurements close to a wall a flat plate with a sharp leading edge was
inserted into the test section with the flat upper surface parallel to the top wall and with
H =77 mm below it (Fig. 4). The shock wave adapts very fast to the new surfaces as can
be deduced from the experimental results. A fully-developed flow can be expected at
the location of the density measurements.

Fi1G. 3. Model for the three dimensional direct simulation Monte Carlo method.

The local gas density has been estimated from the measured local density gradients
of a multibeam laser differential interferometer. Four interferometers with a beam spacing
of 3.3 mm were arranged perpendicular to the flat plate (see Fig. 4). The effective beam
diameter in the test section was 0.19 mm. This arrangement, shown in Fig. 5 for one of
these interferometers, provided a sufficient resolution in time and space if p; ahead of
the shock wave was below = 13.33 N/m? (0.1 Torr). '
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4. Results

As Fig. 6 shows, the density profiles calculated with the use of Sichel’s continuum ap-
proach and those of the Monte Carlo simulation are similar. The agreement may improve
if the continuum approach is not extended to its limits (M, ~ 1.3) and a more appropriate
intermolecular force law is used for the simulation. Further, the simulation gives averages
for the density over the cell height 4y whereas the continuum approach gives the density
profile at exact y = const. _

In Figs. 7 to 10 experimental results for shock Mach numbers between 2.13 and 9.21
are compared with numerically calculated ones. The most interesting density profile is
the one closest to the wall y/4, = 0.28. For the numerical results a pure repulsive inter-
molecular force law, F ~ r=*, » = 10 and full accommodation at the wall (z = 1.0) is
used. On the other hand the calculated density profiles for y/4; = 0.28 grow steadily to
higher density values with increasing shock strength and for the same distance behind
the shock measured ones reach a maximum at about M, = 4 and drop slightly for stronger
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FiG. 6. Comparison of results gained with a continuum approach (Sichel) and with the simulation method.
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Fi1G. 7. Comparison ofﬂcpedmui results with results of the simulation Monte Carlo method.
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FiG. 8. Comparison of experimestal results with results of the simulation Monte Catlo method.

3



774 . F. Sener, M. WORNER AND B. ScHMIDT

shock waves. Further, for weak shock waves the experimental density profiles, especially
for y/A, = 0.28, are above the calculated ones whereas for strong shocks the experimental
profiles are below the calculated ones. This result indicates changes in the accommodation
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FiG. 9. Comparison of experimental results with results of the simulation Monte Carlo method.
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FiG. 10. Comparison of experimental results with results of the simulation Monte Carlo method.
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at the wall with increasing shock strength. Full accommodation (x = 1.0) seems to be
appropriate for weak shocks only.

Comparing the overall pattern of the measured and the calculated density profiles,
especially the ones closest to the wall, the pure repulsive intermolecular force law (F ~ r=*,
» = 10) gives better results than the rigid sphere model for strong shock waves (see
Figs. 8 and 11). For weak shock waves M, < 2.5) this repulsive force law becomes too
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Fic. 11. The influence of the intermolecular force law becomes visible. For this shock strength the pure
repulsive force law follows the experimental results better (compare Fig. 8).

hard and a weaker repulsive force law with » < 10 should be used or a force law with an
attractive and a repulsive part (Lennard-Jones potential).

The influence of the wall decreases very fast with the distance from the wall. Two or
three mean free path distances from the wall the density profiles do not go much above
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Fic. 12. An influence of the wall is visible up to the center of the channel. Compare Mott-Smith profile
and profile for the center closest boxes y/i, = 49.2,

the value (¢—p;)/(e2—p,) = 1 (see Fig. 12). Nevertheless the influence of the wall is
visible up to the center of the channel. The profile closest to the centerline (Fig. 12, y/1, =
= 49.2) deviates markedly from the Mott-Smith profile for an undisturbed normal shock.
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For the shock strength used here (M, = 3.55), the Mott-Smitt profile is known to be
almost identical to experimental results [3].

A three-dimensional simulation (see Fig. 3) is started to obtain information about
the distortion of the interferometer signal due to the influence of the shear layers at the
windows, especially at the corners close to the flat plate. The simulation results obtained
up to now indicate, as expected, a density rise from the center towards the windows (for
z = constant) with a maximum in the corner. Averaging over a cell layer with z = constant
in the three-dimensional simulation is similar to the integration of the density distribution
along the path of the interferometer beams. A comparison of the averaged three-dimensional
simulation with the results of a two-dimensional simulation, performed for the same
shock strength M, and wall distance y/4,, should allow an estimation of the difference
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between the two-dimensional simulation and the experimental results. Qualitatively com- -
parable experimental density profiles should fall above two-dimensional calculated ones.
Figure 13 shows constant density and constant temperature shock front profiles for
M, = 3.55, calculated with the simulation method. The density profile develops a foreward
facing foot close to the wall. This foot becomes more pronounced with increasing shock
strength. The temperature shock front does not develop such a foot. As indicated by the . .
insert in Fig. 14, the density measurements show this foot, too. The temperature could -
not be measured, but shock front arrival measurements, done with thin film gauges [4],
do not show such a foot. Thin film gauges respond to the gas temperature and density
and the temperature effect seems to override the density effect. A gaskinetic explanation
for the foot may be that fast molecules coming from the rear part of the shock wave penet-
rate the slower ones at the front and are retarded by contact with the wall. This results
in an accumulation of molecules in front of the shock wave close to the wall.
5. Binary gas mixture
Figure 14 shows the results for a simulation calculation for a binary gas mixture of
50% heavy gas (argon) and 50% light gas (helium). The mass ratio is 10:1. The separation
of the two components in the shock wave and in the shear layer at the wall is clearly visible.
In the shock wave the light gas compresses first whereas in the shear layer and close
to the wall the heavy component compresses more. At more than one mean free path
distance from the wall the compression of the heavy component is always behind the
compression of the light component. Figure 15 shows the calculated constant density
A
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Fia. 15. Density shock front curvatures for a binary 0
mixture of 50% heéw‘y to 507 light gas (Ar-He).

shock front profiles for the two components. The separation is obvious and changes with
the distance from the wall. The forward facing foot is developed by both components.

Experiments on gas mixtures are in preparation. It is planned to do density measure-
ments by using the electron beam luminiscence method.
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6. Conclusions

The large gradients observed in a shock wave close to a wall make this region particularly
interesting for the investigation of effects connected with large deviations from local
thermal equilibrium. Close to the wall the gradients are much larger than in an undisturbed
* normal shock wave. )

The comparison of calculated and experimental results allows the separation of the
influence of the intermolecular force law and the accommodation at the wall. Full ac-
commodation does not hold for strong shock waves and the pure repulsive intermolecular
force law r=* with » = 10 does not give density profiles similar to the measured profiles
for all shock strengths (2.13 < M, < 9.25). The density profile closest to the wall is the
most sensitive one to these parameters. The calculated density profiles for a binary gas
mixture of 50% He — 50% Ar show some unexpected results. In the shock wave the heavy
component lags the light one in compression whereas very close to the wall the density
of the heavy component rises above that of the light one. This is not observed outside
one to two mean free path distances from the wall.

The large amount of numerical work has been done on the UNIVAC 1108 and the
Burroughs B 7700 of the university computing center at Karlsruhe and the IBM 370/168
of the university computing center at Heidelberg. The support of this work by the Deutsche
Forschungsgemeinschaft is appreciated.
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