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Abstract
A number of high order accurate direct numerical simulation (DNS) calculations of a Mach 1.5
shock diffracting over a 30◦ convex wall were completed. In all cases the same mesh was used
and only the Reynolds number varied from Re = 20 000, 50 000, 100 000, 200 000 and 400
000. An examination of the velocity profiles at two locations on the wall showed that all the
computations were resolved in the boundary layer along the lower wall of the domain. Schlieren
images of the computational results showed no significant change in the results between the Re
= 100 000 and Re = 200 000 cases but did show a degradation in flow feature resolution at the
shear layer for the Re = 400 000 case. This was attributed to the mesh being too coarse locally
for the high Reynolds number. While it is not currently practicable to perform DNS at the same
Reynolds numbers as experiments, it is possible to get a computational solution at a Reynolds
number that can provide an adequate comparison with what is experimentally possible.
1

Introduction

Eriksson et al. [1] looked at the performance of a range of higher order Direct Numerical
Simulation (DNS) computations, both Euler and Navier-Stokes; as applied to flows containing
a range of both strong and weak features. The particular case considered was a shock wave
diffracting over a convex wall. A hybrid technique was demonstrated in which a higher order
code was made to be locally first order in the immediate vicinity of the shock wave. This provided numerical stability in the vicinity of the shock while retaining the higher order accuracy
everywhere else in the flow field. The performance of the NS3D code used by Eriksson et al.
[1] near the shock was as good as conventional second order codes (which are also locally first
order accurate across the shock) in terms of predicting strong features such as shock shape and
behaviour. The advantage of the code is that it is able to capture the weak flow features in the

flow field as well. Achieving this in a second order code would normally require a lot of extra
computational effort on a much finer mesh coupled with the adjustment of some artificial dissipation parameters. The fourth, sixth and eighth order codes that were tested were particularly
good at capturing weak flow features on a coarser mesh than would normally be required for a
similar result in a second order code.
Eriksson et al. [1] tested the shock capturing method applied in the NS3D code against a
standardised benchmark test of a shock wave diffracting over a backward facing step [2], before
applying the code to a shock diffraction over a backward facing 30◦ wedge. The resultant flow
fields are particularly demanding both numerically and experimentally as it contains a variety
of flow features which are difficult to capture. Numerical results compared visually, favourably
with experimental images [1]. At the time the authors had some concerns regarding Reynolds
numbers, as the Reynolds number of the computational results were orders of magnitude less
than that of the experiment.
Dimensional modelling requires that for dynamic similarity to hold, geometric and kinematic
similarity must also hold. For a model to be a direct analogue of the actual physical system
then, it means that all dimensionless parameters governing the flow field must be exactly equal.
In the case of compressible flow studies though this is rarely possible either experimentally
or numerically. Achieving complete dynamic similarity often only comes at huge expense in
equipment and time. In the case of experiments, often Reynolds similarity is good enough
to within an order of magnitude. The argument for this stems from the understanding of the
dissipation phenomena in the flow where, at very high Reynolds numbers the effect of viscosity
is very small compared to the effect of turbulence and the effects of a fully turbulent flow can
be independent of Reynolds number. A case in point is the variation of the Darcy-Weisbach
friction factor with Reynolds number.
This phenomenon suggests that there is a point where increasing the Reynolds number of a
computation does not significantly improve the quality of the solution. For the diffraction
problem being considered, CFD provides much higher spatial resolution of small flow features
than is currently possible in most experimental facilities – provided those features are correctly
resolved. In this paper, the effect of fluid viscosity on higher order accurate simulations of
flow fields dominated by the presence of shock waves will be discussed. Scaling effects will
be considered with a view to addressing the question: ‘Can CFD provide a usable answer if the
flow field is not fully resolved everywhere?’
The motivation for this question is two fold. From the CFD practitioner’s perspective it is
usually assumed that as long as the computation is resolved the solution is correct regardless
of whether the computational conditions are experimentally achievable. From the experimentalists perspective it is usually assumed that as long as the results resemble the experiments
the solution is acceptable, whether it is resolved or not. There are limitations imposed by experimental measurements in the information they can provide without significantly modifying
the flow field that is being examined. A well resolved CFD computation can help to interpret
experimental data and potentially provide meaningful data at much finer resolution than experimental measurements are capable of. The ideal is thus well resolved CFD coupled with
experimental data as a means to investigate the physics of fluid flows.
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Investigational Method

Normally solution convergence in DNS is achieved by increasing the number of mesh elements
until no change is observed in the solution. For this study it was however decided to start with
the best possible mesh that could be run on the available resources; And to then progressively
increase the Reynolds number, thereby decreasing the viscosity terms in the code until the flow
velocity tangential to the walls was on the threshold of becoming non-zero. It was shown by
Svärd and Nordström [3] that as long as there is a no-slip velocity profile when using weak
boundary conditions, the flow can be regarded as resolved. This approach was possible due to
the implementation of weak boundary conditions by Svärd and Nordström [3], see also Abbas
and Nordström [4].
The results presented here were obtained using a finite difference code, NS3D running on 64
processors of the Uppmax [5] computing facility. NS3D was developed by Svärd et al. [6]
as a research code capable of solving the Navier-Stokes and Euler codes using 2nd , 3rd , 4th or
5th order solvers. Eriksson et al. [1] presented a shock capturing technique for NS3D which
lowers the order of the code to first order in the immediate vicinity of the shock. This results in
a hybrid code which is higher order everywhere in the domain except in the immediate vicinity
of the shock. The majority of results presented here were run using a combined 3rd order solver
at Reynolds numbers of 20 ×103 , 50 ×103 , 100 ×103 , 200 ×103 and 400 ×103 .
Eriksson et al. [1] applied NS3D to a shock diffraction over a complex convex wall. The
geometry used there was subsequently modified, increasing the number of blocks to 64 and
the total number of elements to 4.2 million. The domain is illustrated in Fig. 1. The left hand
vertical boundary (for 0 < y < 1) is the inlet boundary and all other edge boundaries are
walls that use the weak no-slip boundary condition. The mesh elements near the upper wall are
sufficiently course that the code will see it as an Euler slip boundary. Since it is not important
to the study, no computational effort was put into resolving the flow along it. Care was also
taken to ensure that the wall was sufficiently far away such that a wave reflecting off the wall
would not impinge on the flow at the corners.

a.

b.

Figure 1: Domain with block boundaries indicated (a.) and a typical result (b.) for a Mach 1.5 shock
diffracting over a 30◦ backward facing wedge.

As can be seen from the placement of the blocks in Fig. 1 the computational effort has gone
into resolving the flow along the lower wall. The area that is of particular interest is indicated

as insets in Fig. 1. A typical Mach number plot has been included in Fig. 1b to confirm that the
features at the corner are all within the three rows of finest mesh blocks along the wall.
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Results

A range of solutions were obtained using the method described in the previous section and a
typical output of the data was included as Fig. 1b. While the basic behaviour of the shock is
very well documented, the flow around and near the corner is not well understood. It is the
flow around the first corner which is of particular interest and motivated the numerical study
presented here.
Fig. 2 illustrates the effect of Reynolds number on the 3rd order results for a shock diffraction
over a complex, convex wall. The same mesh, initial and inlet conditions were used for all four
simulations, producing a shock at the inlet boundary with the same Mach number (Mach 1.5)
each time. Only the Reynolds number was increased in each of the computations, effectively
reducing the viscosity term in each case.
The most readily noticeable change in the results presented in Fig. 2 is the shape of the weaker
features along the shear layer. The formation of a range of weak shocklets in a lambda configuration along the shear layer has been very well documented from experimental data, however
resolving the phenomenon numerically has often proven difficult. From Fig. 2 it can be seen
that as the dissipation in the code is reduced with decreasing viscosity (increasing Reynolds
number,) the weak shocklets sharpen up and increase in number, except in the final case for Re
= 400 000 (Fig. 2e) where the reverse is true. The flow under the shear layer rolls up into something resembling a vortex street - a phenomenon which has not been previously documented as
real. Similar features have been identified in computational studies in the past but are usually
dismissed as non-physical, as no concrete experimental evidence exists at this time. The reason
that it has not been categorically confirmed experimentally to date is a matter of scales. The
experiments on shock diffraction to date have all used small shock tubes and as has often been
shown in wind tunnel testing, when viscous or unsteady effects are being examined then length
and time scales have a significant influence on the results. The computational results of Fig. 2
are at a much higher temporal and spatial resolution than is traditionally possible in most shock
tubes.
A visual examination of the computational data presented in Fig. 2 would suggest that both
Fig. 2.c and Fig. 2.d come very close to modelling the flow field accurately and compare best
with experimental images such as that of Law et al. [7]. While the results of Fig. 2c and Fig. 2d
compare favourably with experiments, two questions need to be addressed; firstly, are the Re =
100 000 and Re = 200 000 results converged and secondly, why does the Re = 400 000 result
not do as well at representing the flow along the shear layer? In order to examine this behaviour,
it is necessary to look at velocity profiles along the solid walls.
Referring to Fig. 1 the blocks which form the computational domain can be grouped into
columns of four blocks each spanning the domain from the top wall to the lower wall. Velocity profiles were extracted from the second and ninth columns counting from the left and
presented in Fig. 3. These velocity profiles are shown only for the regions closest to the wall
and the velocity was normalised with respect to the local free stream velocity of the Re = 400
000 result. Uu is the normalised absolute velocity and Y is the distance perpendicular to the wall.

In addition to this, the velocity components at the wall (u along the wall and v perpendicular to
it) are presented in Table 1 and Table 2.
It should be noted for Fig. 3a that the flow at the location where the profiles were extracted,
is not independent of the corner and the expansion propagating back upstream is a function of
Reynolds number. Since the velocity used to normalise the velocity profiles was chosen from
the highest Reynolds number solution, the result is a graph in which the various velocity profiles
approach 1 as the flow solutions converge to the result with the highest Reynolds number. It is
worth noting that for all Reynolds numbers greater than 100 000, the velocity profiles are all

a.

b.

c.

d.

e.

f.

Figure 2: Schlieren images of the hybrid 3rd order solver results with a. Re = 20 000, b. Re = 50 000,
c. Re = 100 000, d. Re = 200 000, e. Re = 400 000 and f. Re = 200 000 for the full domain.

very close to 1. Similar behaviour is noted in Fig. 3.b and for much the same reason, except
that in Fig. 3.b the Re = 50 000 solution also lies close to 1.
The weak boundary implementation in the NS3D code allows for an interesting test for convergence as the velocity components at the wall are not set to zero and are instead calculated
as a part of the solution. The velocity at the wall is forced toward zero as the mesh is refined,
for details see Svärd and Nordström [3] and Abbas and Nordström [4]. This means that as the
solution converges for the given mesh, the velocity components at the walls tend to zero. A
brief examination of Table. 1 shows that the smallest velocity along the wall is for the Re = 200
000 case and that the worst is for the Re = 400 000 case.
Table 1: Velocity components at the wall ahead of the corner and corresponding to the location of
Fig. 3a.

u
v

Re = 20×103

Re = 50×103

Re = 100×103

Re = 200×103

Re = 400×103

-6.0606×10−6
0.1909×10−6

-13.266×10−6
0.0043×10−6

-17.600×10−6
-0.9950×10−6

-4.3582×10−6
-3.7114×10−6

120.79×10−6
-15.594×10−6

Examining the wall velocities after the corner reveals a slightly different picture. In this case
the wall velocities are smallest for Re = 100 000.
All the values in Table. 1 and Table. 2 are small enough for all the solutions to be considered to
be converged in the boundary layer. In order to explain why the Re = 400 000 the solution of
Fig. 2e loses some of the detail above the shear layer, it is necessary to examine the mesh in this
region. Each of the blocks in Fig. 1 have the same number of nodes, thus if the area inscribed
by a block is larger, then clearly the mesh must be coarser. Clearly the Re = 400 000 solution is
thus not resolved for the given mesh in the region at the end of the shear layer. This is evident
from the lost detail in Fig. 2e and the solution quality can only be improved by adding extra
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Figure 3: Velocity variation with height a. upstream of the first corner, b. downstream of flow reattachment point.
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Table 2: Velocity components at the wall after flow reattachment and corresponding to the location of
Fig. 3b.

u
v

Re = 20×103

Re = 50×103

Re = 100×103

Re = 200×103

Re = 400×103

-7.4056×10−6
0.3800×10−6

-13.388×10−6
0.3165×10−6

-0.1755×10−6
-1.4210×10−6

12.791×10−6
-3.0013×10−6

405.53×10−6
-18.801×10−6

nodes in that region.
It could be argued that the Re = 100 000 result is perhaps the best result as it has the smallest
wall velocity components at the second station (Fig. 3c and Table 2) in the region which is
being investigated. There is also no discernible improvement in resolution of the overall flow
features at higher Reynolds numbers for the current mesh. Only by further refining the mesh
away from the wall, would it be possible to run calculations at higher Reynolds numbers, that
are resolved in that region.
4

Conclusion

A set of DNS computations have been presented for a Mach 1.5 shock diffracting over a 30◦
convex wall for a range of Reynolds numbers, using the same mesh. An examination of the
velocity profiles at two locations along the lower wall shows that the boundary layer along
the wall was adequately resolved in all calculations. An examination of the flow field at the
end of the shear layer, showed that the resolution of the flow features improved with Reynolds
number till about 100 000 and started degrading again at Re = 400 000. This was attributed to
inadequate mesh resolution in that region for a Re = 400 000 calculation.
It may not currently be practicable to run a properly resolved DNS calculation at the Reynolds
number of a comparable experiment. From the results presented it can however be concluded
that an adequate solution can be achieved that is resolved in the region of interest and provides
results comparable to experiments.
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