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Summary

In this paper we present the results of numerical simulations on shock/boundary layer
and on shock/shock interactions. The shock/boundary layer interaction is investigated
on a hollow-cylinder-flare configuration, while the shock/shock interaction is obtained
from the interference of the shock generated by a ramp with the bow shock about a
cylinder. We will underline the most delicate points that one must consider in carrying
out such computations and we will compare our numerical results with experimental
data for purposes of validation.

1 Introduction

The enormous progress in computer sciences and the parallel development and im-
provement of computational methods has made of our days CFD a very powerful tool.
In principle, linking sufficient computer power with the most efficient numerical meth-
ods available, it is possible to simulate the flowfield about very complex configurations
obtaining, in many cases, solutions which are sufficiently accurate to give useful infor-
mation to designers.

Actually, a number of points remains open: turbulence, for instance, is still far to
be adequately simulated in practical applications, and so is transition. This lack is not
only due to the CFD numerical methods themselves, but also to the missing of adequate
models (DNS is still too far from practical applications). Analogous issues are present
in combustion problems and in the simulation of thermochemical effects in high speed
flows.

Today, we may say that CFD is like a young adult, with a lot still to learn, but with
good potential capabilities. A very important point to notice is that CFD is also try-
ing to become mature. We envisage this search for maturity in the fact that the CFD
community is concentrating an important part of its time to check, in apparently simple
test cases, its own capabilities and limits. This is true for the whole community, and is



especially important in the high speed regime, where the validation process mutually
involves the experimental side also.

In the present contribution, we would like to show some examples which are related
to the numerical simulation of shock/boundary layer and shock/shock interactions in
high speed laminar flows and their comparison with experiments. They are part of the
activities carried out in a sequel of high speed flow-field databases [1][2] and they are
also studied in the NATO/RTO Working Group 10, Subgroup 3, whose subject is "CFD
Validation”. Our aim is to show that despite the simple geometrical configurations and
the fact that the flow is cold and in the laminar regime (so that no model is required in
addition to the Navier-Stokes equations), these configurations still hide difficult points
that make it not trivial to obtain solutions that fit with other numerical results and with
experimental data.

2 Numerical method

The results that we will present have been obtained using a well established numer-
ical technique, whose details, which we will not describe here, can be found, for in-
stance, in references [3][4][5]. In synthesis, we solve the Navier-Stokes equations for
two-dimensional axisymmetric flows. The numerical method adopts a finite volume
discretisation of the physical domain, an explicit integration scheme, a flux difference
splitting technique for the evaluation of the convective fluxes and a standard cell cen-
tered method for diffusive fluxes. For some computations, a multi-block domain de-
composition method was used. Finally, we reach a nominal second order accuracy in
space and time using and Essentially Non Oscillating scheme.

3 Shock wave/boundary layer interactions.

The first configuration that we wish to consider is the so called Hollow Cylinder Flare.
Such a configuration is used to validate axisymmetric strong shock/boundary layer in-
teractions in the laminar regime at very low density and at high speed. Experiments on
an identical Hollow Cylinder Flare geometry and in similar flow conditions have been
carried out in France by ONERA (R5Ch tunnel)[1] and very recently in the USA, at
CALSPAN (Veridian 48” tunnel)[6]. The geometrical setup is presented in figure 1.

We start with describing the results obtained for the ONERA test configuration,
whose flow conditions are listed in the upper left table of figure 5. Computations have
been performed using a grid composed of 99x299 points in the normal and tangential
directions, respectively. Points are equally spaced in the z-direction, with a constant
A(z/L) = 0.57471 x 1072, In the normal direction, the grid is stretched with many
mesh points clustered close to the wall. In order to estimate the scale of the grid cells in
relation with flow conditions, the dimensionless distance from the wall of the first cell
center has been computed. Distance y7 is defined as:
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Figure 1 Geometrical setup for the Hollow Cylinder Flare configuration.
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The quantity 4., is the so called “friction velocity” [7]. We have computed values of
yT(I,J = 1) smaller than 0.24 along the entire wall and below 0.06 for most part of it,
including the recirculation bubble region, and we are therefore confident that the grid
that we use is sufficiently refined.

Due to the low Reynolds number and the high Mach number, a thick viscous layer
develops on the cylinder wall and deviates the incoming particles upstream. As a con-
sequence, a shock wave starts at the leading edge of the cylinder. Since the growth rate
of the viscous layer decreases while proceeding downstream, also the shock intensity
diminishes.

At the corner, the total pressure loss suffered through the leading edge shock and
inside the viscous layer deprives slower particles flowing in the near-wall region of the
momentum needed to climb the 30 degrees flare angle. A separation bubble provides to
re-shape the cylinder/flare intersection with a smoother slope and also anticipates the
influence of the corner to a region where the total pressure is higher. Of course, this
causes a complete change in the flowfield. In normal conditions, a system of compres-
sion wavelets merging in a shock wave immediately outside the subsonic part of the
viscous layer should exist at the corner. In the present case, instead, it is substituted by
two less intense compression wavelets/shock systems. The first one starts in front of
the separation point and is due to the presence of the bubble; the second one is created
before the reattachment area, where the bubble upper boundary increases its slope with
respect to the incoming flow to prepare to match with the flare slope. The three shock
converge almost in the same point and since the strongest is the one generated near the
reattachment area (the leading edge shock is very weak), it dictates the slope of the re-
sulting shock. The latter will be subsequently weakened by the expansion fan generated
at the corner between the flare and the second larger cylinder, in an area which is not of
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Figure 2 Top: pressure contours and streamlines (bubble only). Bottom: Mach number contours.

great interest for the present investigation.

The flow characteristics described above can be appreciated in figure 2(top), where
pressure contours and stream function contours are overlaid (the latter are plotted for the
separated region only). Mach number contours are shown in figure 2(bottom); though
not very significative, they indicate that the separation bubble is a definitely low speed
region.

Computed pressure coefficient and Stanton number are shown in figures 3a and 3b as
a function of =/L. They are compared with experimental results obtained at ONERA.
The agreement is satisfactory, except for the fact that the pressure levels are a little
smaller in the experiment than in the computation.

The skin friction coefficient is presented in figure 3c. Separation and reattachment
points lay where ¢ has a null value. In the present study, the computed value is /L =
0.717 for the separation point and /L = 1.348 for the reattachment point. The pres-
ence of the separation bubble and its upstream influence are clearly evidenced in the ¢,
plot, also. The Stanton number curve is less easily interpretable, but the presence of the
separation is recognizable in the change of slope at about z/L ~ 0.7.

All the three coefficients peak at the end of the flare, where reattachment occurs, and
than suddenly decrease due to the expansion starting at the leading edge of the second
cylinder corner. The intensity of such peaks, especially the one of the Stanton number,
is an important parameter to determine the reliability of a numerical simulation. The
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Figure 3 Hollow cylinder/flare, ONERA conditions: (a)pressure coefficient, (b)Stanton number
and (c)skin friction coefficient.

fact that the reattachment point is so close to the end of the flare rises the suspicion that,
in this case, the flare length might control the bubble dimension.

The principal problem in reproducing the flow around the hollow cylinder/flare con-
figuration consists in the correct capturing of the recirculation region at the corner be-
tween the cylinder and the flare. Such an issue can be related, up to a certain extent, to
the ability possessed by the investigating tool of predicting the effectiveness of maneu-
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Figure 4 Separation bubble growth history.

verig surfaces in more realistic vehicle configurations.

From the numerical simulation point of view, two major elements characterize the
investigation of the hollow cylinder/flare configuration. The first is the need for high
accuracy in order to capture the steep gradients that occur in correspondence with the
recirculation region. The second is the necessity of performing many time iterations
before the recirculation region reaches a steady state regime, a problem which is related
to the slow convection of vorticity inside the viscous layer and the separation bubble.

The correct numerical capture of the separation bubble represents a delicate problem,
being grid-dependent and very time consuming. The grid used in the present computa-
tion appears to be sufficiently fine to assure a correct evaluation of the amplitude of the
recirculation region, but such a strong refinement implies also rather long computing
times. The size of the bubble is in fact dictated by the convection of vorticity along the
boundary layer, which is the slowest part of the flowfield. The growth of the bubble
amplitude versus the number of integration steps is shown in figure 4. The computation
was performed in this case using a global time stepping approach, in order to evidence
the very slow growing rate of the bubble.

We now proceed to presenting the results obtained in simulating the hollow cylin-
der/flare configuration in the CALSPAN flow conditions, which are listed in the table
included in figure 5. The grid is identical to the one used for the ONERA test condi-
tions; in this case, we have computed values of y*for the first cell centers which are
smaller than 1.5 for the entire model wall and below 0.24 for most part of it. The di-
mensionless distance from the wall is larger in the CALSPAN test conditions because,
in this case, the density at the wall is definitely smaller than in the ONERA test con-
ditions. Here, we will not present any comparison with the experiments conducted at
CALSPAN, because the latter are currently under way. Qualitatively, the flowfield fea-
tures are the same of the ONERA test case, but the details, which are important in this
kind of investigation, are very different. Indeed, the comparison between the numerical
results obtained simulating the ONERA and the CALSPAN experiments is instructive,
as it shows that very different results can be obtained for the same geometry and for
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Figure 5 Hollow Cylinder: Mach number contours in the ONERA and CALSPAN test condi-

tions.

experimental conditions that, at a first glance, look very similar. In the present case,
for instance, two identical models are used, and the incoming flow conditions are very
close in terms of Mach number and Reynolds number. The only difference regards the
ratio T, / T, which differs by almost thrice in the two test-cases. From the results that
we obtained, we learned that the parameter 7', /T, is very important for this kind of
flow. A larger T%,, and the same Mach number mean a larger speed for the incoming
flow, and therefore, being the Reynolds number the same, also a thinner boundary layer
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Figure 6 Skin friction coefficieht in the ONERA and CALSPAN conditions.



and thus a smaller recirculation region. Such features are evident in figures 5 and 6,
where the Mach number contours and the skin friction coefficients are compared for
the two configurations.

We mentioned previously that in the ONERA flow conditions the reattachment point
of the recirculation region almost coincides with the end of the flare. Though this is not
the case for the smaller bubble which appears in the CALSPAN conditions, a further
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Figure 7 Top: Mach number contours for the ONERA configuration. Middle: Mach number
contours for the CALSPAN configuration. Bottom: comparison between the skin friction coeffi-
cients.



experiment has been designed at CALSPAN to check the influence of the flare length
on the bubble size. With this aim, the hollow-cylinder configuration has been tested
in the CALSPAN conditions using a longer flare. The result of the experiment is that
no influence at all is detected, as it can be evinced from the skin friction coefficient
curves plotted in figure 7. Therefore we can conclude that the flare length is an effective
control parameter only when the bubble extension would be larger then it, but it has no
influence in the opposite case. We plan to compute in the future the ’long flare” version
of the Hollow Cylinder Flare configuration in the ONERA flow conditions, to check
whether the flare length affects the size of the recirculation bubble in this case.

4 Shock/shock interactions.

The second shock interaction that we will consider is an oblique-shock/bow-shock in-
teraction tested by ONERA in the R5Ch tunnel. Flow conditions and geometrical setup
are shown in figure 8.

The interaction of an oblique shock wave with the bow shock about a circular cylinder
is interesting, from an engineering point of view, because it simulates, in a simple way,
the same kind of flowfield that might be present in the interaction between the external
compression oblique shock and the cowl in a hypersonic intake, or between the fuselage
shock and the fin shock.

From the physical point of view, the fluid dynamics structures that may arise from
the interaction might be, depending on the strength of the two shocks, very complex
and intriguing, and are still not completely described in detail.

In particular, the present test case deals with a so called Edney-type IV interaction,
that results in a supersonic jet that impinges on the surface of the cylinder and produces
an heat flux peak that exceeds by an order of magnitude the maximum heat flux that
should be predicted in absence of the interaction. The correct prediction of such an heat
flux is of course vital for design purposes.

[ Shock/shock interaction
My = 995 T )
Rew = 167237 m™!
T = 525K 25 53 mm
Twai = 300K
R, = 0.008 m
110 mm

Figure 8 Flow conditions and geometrical setup for the shock/shock interaction.



From the numerical simulation point of view, the major difficulties are related to the
different scales that characterize the flowfield structures. The supersonic jet and the
wave interactions that occur inside it are small with respect to the cylinder radius, and
the cylinder radius, at least in the sent case, is small with respect to the dimensions of
the oblique shock generator. Thus, a highly accurate scheme and a good grid refinement
strategy are required for a successful simulation.

We have learned from some preliminary computations that the determination of the
exact position and inclination of the impinging shock is fundamental for a faithful re-
production of the experimental tests. In particular, due to the smallness of the cylinder
radius with respect to the shock generator characteristic length, a slight difference in
the inclination of the impinging shock may result in a non-negligible variation of the
stagnation point position. The situation in sketched in figure 9. Moreover, due to the
small Reynolds number, the flow in the high pressure side of the oblique shock, which
will play an important role in the interaction, is not uniform. For these reasons, it has
been deemed necessary to compute the entire flowfield generated by the wedge and to
use it as boundary condition for the mesh surrounding the cylinder.

Computations have been performed using one grid for the upper part of the shock
generator, one grid for the lower part, one grid for the stream past the shock generator
and finally a grid composed of 300x351 points in the normal and tangential directions,
respectively, for the cylinder. All the grids are stretched in the normal direction close
to the solid walls. The mesh around the cylinder is refined with stretching also in the
region of the supersonic jet. The external boundaries of the four grids used are visible
in figure 9.

In order to estimate the scale of the grid cells in relation with flow conditions, the
dimensionless distance from the wall y™ of the first cell centers has been computed. The
plot, not included here for lack of space, shows that first cells centers lay at distances
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yT < 0.2 for most part of the cylinder walls, and reach the maximum value of 0.74
in correspondence with the stagnation point. Thanks to this analysis and to preliminary
investigations with coarser grids, we are confident that the grid convergence has been
reached.

In the present test case, the intersection between the incident oblique shock gener-
ated by the wedge and the detached shock which forms ahead of the cylinder takes place
where the bow shock is strong (subsonic flow in the high pressure side). The interaction
belongs to the Edney-type IV family [8] and is characterized by the presence of a su-
personic jet surrounded by subsonic flow. In principle, a repeated pattern of expansions
and compressions develops inside the jet channel, but in this case, due to the vicinity of
the jet to the cylinder wall, we can distinguish only a few of them. In particular, from
the analysis of our results, we interpret the flowfield inside the jet as sketched in figure
10b). The shock wave at the “entrance” the supersonic channel is irregularly reflected
from the upper slip line and forms a A-shock. In correspondence with the reflection
point, an expansion fan forms to permit to part of the streamlines to flow slightly up-
wards. At the opposite side of the jet, the second leg of the lambda-shock interacts with
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Figure 10 a)Logio of pressure contours with streamlines, b)interpretation of the wave pattern
inside the jet, c)pressure variations along the upper streamline, d) pressure variations along the
lower streamline.
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the lower slip line and is reflected as an expansion fan, which deviates part of the jet
slightly downwards. Approaching the body, the supersonic stream which flows inside
the jet is suddenly decelerated through a detached shock. The jet is finally divided in
two streams which flow upward and downward the stagnation point. The previous in-
terpretation arise from the study of figure 10, where log1¢ of pressure plots are shown
in part a), with the paths of two streamlines superimposed. In figures 10c) and 10d),
the pressure conditions along these streamlines are displayed. It can be noticed that,
after the pressure rise due to the oblique Mach shock, a second increase in pressure,
due to the shock at the “entrance” of the channel, is present. This second pressure rise
is stronger and unique for the upper streamline, which crosses the A-shock practically
at the triple point, while it is less intense, and followed by a second compression for
the lower streamline, which crosses the two legs of the A-shock. Then, both streamlines
experience a pressure drop due to the expansions fans and finally a strong compression
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Figure 11 Logo of pressure, Mach number and streamline function contours in the interaction
region.
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through the detached shock in front of the body. This last pressure rise is smoother for
the upper streamline than for the lower one, because the former crosses the detached
shock at its margins, where it is just starting to appear, created by converging compres-
sion waves.

A larger scale view of the interaction is shown in figure 11. Notice that the position
of the cylinder bow shock is completely different with respect to the undisturbed case,
being the shock layer thickness of the upper portion more than doubled.

Pressure and heat flux distributions at the wall are shown in figure 12, where they are
also compared with results of experiments conducted in the ONERA R5Ch low density
wind tunnel [9]. The comparison appears to be rather good. Concerning the level of
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the pressure peak, we explain the higher value displayed by the numerical simulation
with the bad spatial resolution of the experiments, due to the fact that in the latter the
diameter of the pressure holes is rather large (1.5 mm) [10]. The situation is improved
for the heat fluxes, since the diameter of the thermocouples is now smaller (0.4 mm).

The three couples of pictures shown in figure 14 represent the density and tempera-
ture distributions along horizontal lines placed 2, 4 and 5 millimeters below the axis of
the cylinder. Such lines are superimposed on the density contours in figure 13. The ex-
perimental data [9] were obtained using the Dual-line Coherent Anti Stokes Scattering
technique (DL-CARS). Also in this case, the comparison is qualitatively rather good.
The major differences, for which we have no explaination, concern the stand-off dis-
tance of the bow shock portion which is placed over the interference point (y = —2mm)
and the position of the Mach stem (y = —4mm). Such discrepancies are puzzling, since
other numerical data, such as wall pressure and heat flux, are in very good agreement
with the experimental results. Of course, one may indicate many error sources (in the
experiment and in the computation) that could be responsible for such differences in an
otherwhise very satisfactory comparison. A possible explaination, where we suppose
that the experimental data are correct, could be the following. Looking at the wall pres-
sure plot, we see that the experimental peak is located about 3 degrees more northern
than the numerical peak. This could mean that there is a very small error in the position
of the impinging shock. If we imagine to move the numerical interaction point a little
upwards, we can predict a new Mach stem position closer to the experimental results
and we can suppose that possibly also the stand-off distance of the upper and lower bow
shock portions could slightly decrease.

T8-98.1 - GRID=300x351 - zoom
0.0020 DENSITY

-0.0020 Y =-2mm P
y [m]
y= 4mm TEN |
=-5mm
-0.0060 1
-0.0100 : ‘ :
-0.0100 -0.0060 -0.0020 0.0020

Figure 13 Density contours in the interaction region. Dashed lines indicate DL-CARS experi-
mental data locations.
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5 Conclusions

Despite the enormous capabilities developed by CFD, the application of the numerical
methods for fluid dynamics still requires the careful attention of the researchers, espe-
cially in those configurations characterized by complex and challenging fluid dynamics
features. Grid convergence, simulation of the correct boundary conditions, establish-
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ment of a steady state solution or aknowledgement of the unsteadyness of the flow must
be clearly verified for a successful numerical simulation.
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