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Abstract. Non-reflecting boundary condition at interfaces for flow simulations in turbomachin-
ery using the method laid out by Giles [1] and Saxer [2] require averages or Fourier decomposition
of the flow solution using stations of constant radius at the interface. On structured grids the
grid generation process can easily enforce grids having element centers with this property while
on unstructured grids this is rarely achievable. We describe an approach which works on an
auxiliary mesh with a band structure created from the surface mesh at interfaces and study the
influence of the prescribed distribution of the bands on the solution. The effectiveness of the
approach is demonstrated by applying it to the simulation of a compressor stage and compar-
ing the results with results obtained by using the existing approach for creating bands and a
simulation on a structured grid.

1 INTRODUCTION

In simulations of external flows the boundaries of the computational domain can be placed
usually far-off the region of interest. In contrast, simulation of internal flows encountered in
turbomachinery design often require to place the “far-field” boundaries very close to the region
of interest. This makes simulation results of the flow in turbomachinery much more sensitive
to the implementation of the numerical treatment of far field boundary condition than in the
case of external flows. Accurate non-reflecting boundary conditions have been developed by
Giles [1] for the two-dimensional case and extended to the three-dimensional case in [2] in the
context of flow simulations in turbomachinery. The latter essentially applied the results for the
two-dimensional case on circumferential bands of surface elements at constant radial height.
The grid generation process for structured cartesian grids can account for such a band structure
easily. In case of unstructured grids it may be difficult to enforce a banded structure of the grid
elements on the boundary due to restrictions of the grid generation tool or requirements on the
grid elements quality. We describe here an implementation of the one-dimensional flavour of the
non-reflecting boundary conditions for steady flows in DLR’s flow solver TRACE [3] on bands
created from an auxiliary mesh.

The current implementation of non-reflecting boundary conditions on unstructured grids
creates bands by assigning faces at interfaces of the surface mesh with similar radial postion to
bands. Computational results obtained by applying boundary condition on these bands often
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Figure 1: Radial profile of the static pressure
at the outlet of a compressor row computed
with the unstructured solver with current bands
and the structured solver.

Figure 2: Structured and unstructured grid at
the interface used to compute results displayed
in Fig. 1.

show erratic changes in, for example, radial profiles of flow variables obtained by circumferential
averaging. An example is shown in Fig. 1 and the respective unstructured and structured surface
meshes in Fig. 2. To carry over the properties of the non-reflecting boundary conditions on
structured grids to unstructured grids independently of the grid generation process we propose
to construct an auxiliary grid by prescribing sections bounded by lines of constant radius on the
boundary and build an auxiliary grid on these sections based on the original grid. Alternate
approaches consist of adding a structured grid section off the interface where boundary conditions
are applied or virtual block with the same interface using a chimera like technique to interpolate
between the structured and unstructured block. Both have the drawback that additional 3D
meshes have to be generated. The option of enforcing a structured surface grid with bands is
often ruled out because enforcing it compromises the grid quality in the interior of the domain
especially if geometrical details are close to the interface.

2 VIRTUAL BANDS

To construct virtual bands we choose a set of circular arcs at the interface with radii r1 <
r2 < rn centered at the intersection of the plane of the interface with the axis of rotation to
define the boundaries of the bands. Intersecting these boundaries with the surface grid using the
VTK software library [4] yields a new mesh comprising fragments of faces which can uniquely
assigned to band. In the following these fragments will be referred to as shards. Figure 3 and
Fig. 4 show a section of an unstructured surface mesh cut into shards via this process. Blue
dots are used to mark a triangle in the base surface mesh and to highlight its segmentation into
shards. These shards are now employed to evaluate the inflow or outflow boundary conditions
and for computing circumferential averages.
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Figure 3: Band boundaries and surface mesh
faces.

Figure 4: Band boundaries and shards created
by intersecting band boundaries with faces.

3 BOUNDARY CONDITION ON VIRTUAL BANDS

The non-reflecting boundary conditions implemented in TRACE use the ideas laid out by
Giles for turbomachinery flows, see for example [1] and [2]. Different flavours of this approach has
been implemented in TRACE for steady and unsteady flow in the time and frequency domain.
They are described in detail for example in [5], [6], and [7]. For the current study we restrict
ourselves to the one-dimensional version for steady flows. Figure 5 depicts the overall procedure
when the boundary conditions are applied at face (top) and at shards (bottom). The procedure
behind the arrow designated by ”boundary condition” includes the complete algorithm in [7]
for the one- dimensional case of the non-reflecting boundary conditions. Its implementation is

Figure 5: Application of boundary conditions at a regular face not split by a band boundary and a face
split into shards y a band boundary.
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Figure 6: Coarse Mesh for the annular duct.
Figure 7: Gaussian-like total pressure profile
prescribed at inlet.

identical with the respective version employed at bands created from faces for both the structured
and unstructured case. It shows that the procedure is not purely based on interpolation but
requires the boundary condition to be applied on the shards. The values at the shards obtained
via the application of the boundary are area or flux averaged to its parent face and used to
compute circumferential averaged for the band they are assigned to.

4 VERIFICATION AND APPLICATION

We study the accuracy of the obtained solution when virtual bands are employed with respect
to the mesh resolution and the number of bands chosen at a duct segment and applied the
approach to the simulation of a compressor stage and compare the results on structured and
unstructured meshes with and without employing the virtual bands approach.

4.1 Duct segment

For the verification an annular duct segment of length 0.5m and inner and outer radius of
0.25m and 0.5m, respectively, and a circumferential extension of 45◦ has been used. It has
been discretized with three meshes (coarse, medium, fine) comprising approximately 27 × 103,
0.4× 106, and 1.6× 106 tetrahedral cells. At the boundary at minimal and maximal radius slip
boundary condition are applied and periodicity in circumferential direction is assumed. At the
inlet and outlet steady one-dimensional boundary conditions on virtual bands are applied. At
the inlet a gaussian-like total pressure perturbation in radial direction (see Fig. 7), purely axial
flow and a total temperature of 300K is prescribed. A constant static pressure pout = 86 100Pa
is set at the outlet. The flow is assumed to be inviscid which should result in a constant static
pressure of 86 100Pa throughout the domain for the converged solution. This is what we check
for when comparing results at inlet at outlet boundaries. First we compare the accuracy at inlet
and outlet for the different mesh resolution. The width of the bands has been chosen to match
the average radial extension of the triangles at the surface mesh resulting in 13, 25, and 50 bands
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Figure 8: Difference between expected static
pressure and simulation result for different
mesh resolutions at the inlet.

Figure 9: Difference between expected static
pressure and simulation result for different
mesh resolutions at the outlet.

Figure 10: Difference between expected static
pressure and simulation result for different
number of bands for the fine mesh at the in-
let.

Figure 11: Difference between expected static
pressure and simulation result for different
number of bands for the fine mesh at the outlet.

for the coarse, medium and fine mesh, respectively. Figure 8 and Fig. 9 display the convergence
of the radial pressure distribution to the expected value of 86 100Pa at the inlet and outlet with
increasing mesh resolution. The difference at the outlet is much smaller because we directly
prescribe the pressure there while at the inlet it has to be computed from other flow variables.
To study further the dependence of the simulation results ot the interfaces the number of bands
the simulation on the fine grid is repeated with 25 and 100 bands of equal radial height. Again
the difference at the outlet is much smaller than at the inlet and almost constant independent
of the number of bands as shown in Fig. 11. At the inlet decreasing the number of bands from
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Figure 12: Prescribed total pressure radial
profile at the inlet of the compressor stage.

Figure 13: Interfaces and blades of the com-
pressor stage.

50 to 25 lead to a larger difference to the reference profile, i.e. a larger error, while increasing
the number of bands to 100 leads to no significant reduction of the difference but to a profile
exhibiting large variations (see Fig. 10). Here the spatial resolution of the bands is higher than
the resolution of the grid leading inconsistencies when prescribing the total pressure distribution
which does not occur at the outlet because the prescribed static pressure does not depend on the
radial postion. This reveals that the usefulness of the virtual band approach depends strongly
on an appropriate choice of the position of the band boundaries.

4.2 Compressor stage

The flow in a single passage of a compressor stage comprising a rotor with 16 and a stator with
29 blades is simulated. The unstructured mesh consists of approximately 6×105 tetrahedral and
prismatic cells. At the stage inlet the radial distribution of the total pressure profile shown in
Fig. 12, purely axial flow and a total temperature of 288.25K is prescribed. The outlet a static
pressure is set to 129 000Pa and redial equilibrium is enforced. At the interface between the two
blade rows we use the mixing plane approach and at all interface we employ the one-dimensional
non-reflecting boundary conditions on virtual bands. At walls no-slip boundary conditions are
used via the wall function approach. The turbulence is modelled via the k-ω turbulence model
[8].

Additionally, a simulation on a structured grid consisting of approximately 4×105 hexahedral
cells and a simulation on the unstructured grid but employing bands constructed from faces
instead of virtual bands.

While a reasonable band distribution could be defined ad hoc in the case of the duct example
here we are faced with widely varying cell sizes at similar radial postions. A priory it is not clear
where to place the band boundaries in this case. As a starting point we chose a band distribution
derived from the bands created by the approach of grouping faces to bands. For these an average
band radius defining the center of the bands can be derived. The band boundaries of the virtual
bands are then placed at the average of two adjacent radii. Figure 14 shows the surface mesh
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Figure 14: Mesh and band boundaries at the
entry of the stage.

Figure 15: Mesh detail near the hub at the
entry of the stage. Band boundaries are colored
in red, face edges in black and shard edges in
blue.

and the band boundaries at the entry of the stage. As shown in Fig. 15 the method of defining
virtual bands by arcs of constant radius may not honor an already existing band structure
created by prism layers at surfaces because the vertices of the elements comprising the natural
bands may not be placed exactly at the same radius. However, the virtual bands created there
are a very good approximation to these naturally available bands. Figure 16 to Fig. 18 show
the simulation result for the three different simulations. The results of two simulation on the
unstructured grid show an overall good agreement with the result of the simulation on the
structured grid (note the different scales for the pressure in the plots). However, the results
obtained with the virtual bands approach show a much smoother radial profile at all interfaces
than those obtained with the bands from faces approach. In the region close to the boundary
layer at the upper wall the result can be improved by manually adapting the band boundaries
to the radial height of the triangles. Figure 19 shows exemplarily a section of the mesh at the
outlet of the first row including the band boundaries. The adapted band distribution is created
by removing the boundaries colored in red. The radial pressure profile in the modified radial
region obtained with the adapted band distribution is shown in Fig. 20.
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Figure 16: Radial distribution of the static
pressure at the stage inlet.

Figure 17: Radial distribution of the static
pressure at the outlet of the first row.

Figure 18: Radial distribution of the static
pressure at the stage outlet.
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Figure 19: Section of the mesh of the outlet of
the first row including the virtual band bound-
aries.

Figure 20: Radial distribution of the static
pressure in the region of adapted band distri-
bution.

5 Summary

We described an approach for implementing non-reflecting boundary conditions on unstruc-
tured meshes lacking an obvious band structure. A virtual band structure is introduced by
defining radial positions of band boundaries at interfaces and creating an auxiliary mesh by
intersecting the surface mesh of the 3D mesh with these bands. Circumferential averaging and
application of boundary condition employs the faces of the auxiliary mesh. The approach has
been applied to the simulation of a transonic compressor stage using the one-dimensional ver-
sion of the non-reflecting boundary condition at all interfaces. It has been shown that the new
approach removes the erratic fluctuation observed with the old approach of grouping faces into
bands, but it has been observed that the quality of the solution depends strongly on the band
distribution. Further studies are necessary to develop a robust method for determining a band
distribution appropriate for arbitrary surface element distributions.
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