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1 Introduction

The power of modern computers and massive parallelization on clusters makes it
possible to do scale-resolving simulations at Reynolds numbers relevant for turbo-
machinery. Since the computational domain can only represent a finite part of the
physical world, it is essential for numerical simulation codes to provide high quality
boundary conditions (BC) in the sense of non-reflective properties and the possibil-
ity of unsteady inflow.

If the inlet of the considered configuration is located in a turbulent region, the
solver has to feature an appropriate boundary treatment. Especially in turbomachin-
ery, the flow has a highly unsteady and turbulent character. Hence, the inlet bound-
ary has to deal with both wakes of previous stages and turbulence. Since precursor
simulations are very expensive and impractical for industrial configurations, there
are numerous approaches of creating artificial (synthetic) turbulence. Popular exam-
ples are the Digital Filter Method [4], the Synthetic Eddy Method [3] and spectral
methods based on the superposition of Fourier modes [5].

The latter method has been implemented into DLR’s in-house turbomachinery
code TRACE [8] and tested in combination with a source term formulation and a BC
formulation [7]. Since TRACE provides a number of different boundary conditions,
the present paper investigates the interaction of selected BCs with the turbulence
generator.
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2 Synthetic turbulence generator

The synthetic turbulence generator (STG) used in TRACE is described by Shur
et al. [15] and was implemented by Morsbach and Franke [8] who adapted it for
periodic domains. The turbulence dissipation rate € in the original formulation is
unknown and can be written as € = Bk® [17, Eq. A4b]. With the turbulent length
scale L = v/k/ [17, Eq. 24] the dissipation rate can be replaced by:
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For the present work, the length scale Ly and the Reynolds stress tensor are pre-
scribed. To calculate the Reynolds stresses of isotropic turbulence from a given tur-
bulence intensity Tu, the initialized velocity as a result of the prescribed Mach num-
ber Ma, total temperature Ty and the isentropic relation, as well as a = \/YR,T is
used and assumed constant during the simulation.

3 Boundary conditions

In the finite-volume solver of TRACE, the BCs determine a set of primitive variables
according to the respective theory, located at the face of the boundary cell. The used
ghost cells are filled by an extrapolation polynomial of order zero or one. Further-
more, the inner cells are updated first and subsequently the BCs are evaluated with
the new cell values.

The considered Dirichlet BC prescribes the velocity components and the static
temperature. The velocity consists of a constant given mean part with superposed
perturbations of the STG. The static pressure of the first inner cell and the given
static temperature are used to calculate the density (ideal gas). The ghost cells are
filled by linear extrapolation using the state of the first inner cell and the face state.

The BC of Sandhu and Sandham [11] is called integrated characteristic in this
work and is based on the characteristic concept described by Thompson [16]. The
basic equation is given as [11, Eq. 3.1]:
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According to the authors, qg in Eq. (2) “represents the forced basic flow behavior at
the inflow boundary” [11, p. 6] and the integral is a “correction made to the inflow
boundary [so that] the characteristic velocity A; leaves the computational domain
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determined by a characteristic analysis of the 1D Euler equations. The outgoing
wave amplitude .} can be found in Poinsot and Lele [10, Eq. 19]. The integral in
Eq. (2) is approximated with the same time scheme as used in the interior domain.
Therefore the integrand is calculated with inner cell values before the time step
update of the interior cells. Unlike the other BCs in this paper the resulting values
are directly written into the ghost cells. Treating them as face values and filling the
ghost cells by extrapolating leads to unstable behavior.

The Riemann BC is described e.g. by Carlson [1, p. 7] and is implemented with
changed sequence. The total pressure and temperature, as well as the flow angle are
given at the inflow. The outgoing Riemann invariant j_ = u — % [1, Eq. 12] is
calculated with values of the first inner cell and is extrapolated to the boundary face.
Instead of assuming adiabatic flow, the total enthalpy 7, is calculated from the given
total temperature. The difference of the invariants can be written as:
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and since the sonic speed a is a function of total enthalpy and the outgoing invariant,
the incoming invariant j, =u+ % can be written as:
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“The physically consistent result is the larger of the two roots™ [1, p. 8]. With known
values of both invariants the Mach number Ma and the sonic speed a are calculated.
The velocity components are determined from the given inflow direction. The static
pressure is calculated with the given total pressure and the known Mach number
using the isentropic relation. This static pressure and the known sonic speed are used
to calculate the density p = Z—‘z’. Since the turbulent perturbations are added to the
calculated face state, the effective total pressure is larger than the prescribed value.
Therefore, the total pressure has to be corrected for the turbulent kinetic energy.

The BC called unsteady 1D characteristics is described by Giles [2] and was
implemented in TRACE by Schliif} et al. [13]. In this BC the eigenvector matrices
Lip [13, Eq. 20] and its inverse Rip [13, Eq. 22] are used to transform primitive into
characteristic variables and vice versa. The flow at the boundary is decomposed into
three parts. The first part is a mean part designed to match the specified mean flow
values using relaxation and a residual vector [13, Eq. 29]. A second part contains the
instantaneous difference of the area-time averaged and area-averaged values. After
transforming this primitive vector of perturbations into characteristic variables, the
incoming characteristics are set to zero to obtain a non-reflective behavior. Another
part consists of the difference of area-averaged and current values of the first inner
cell and the incoming characteristic values are set to zero. Following the transfor-
mation of all parts into primitive variables, the STG output is added and the ghost
cells are filled by linear extrapolation. As for the Riemann BC, the total pressure has
to be corrected.
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Fig. 1 a) Turbulent length scale and turbulence intensity for all considered BCs, b) Turbulence
spectra for three streamwise positions

4 Test cases

To evaluate the basic properties of the coupled BCs, one of the two test cases is
homogeneous isotropic turbulence in a cuboid domain. For given total pressure of
po = 323555.53 Pa, total temperature of 7y = 300.9 K and Mach number Ma = 0.1,
the flow field is initialized with the static values of pressure and temperature. The
velocity vector has only one non-zero component in x-direction with u = Ma/YRT .
The simulated time is prescribed by multiples of the throughflow time as ratio of
domain size and mean velocity. To avoid averaging over the initial transient phase,
recording statistics is started after 30 throughflows. The used subgrid-scale model
is the Smagorinsky [14] model and the grid has 128 x 32 x 32 points.

The second case is the low-pressure-turbine profile T106C designed by MTU
Aero Engines. The simulation restarts from a RANS solution and uses a 3" order
explicit Runge-Kutta scheme and the WALE subgrid-scale model [6]. The through-
flow time is determined with a stream trace including the point of smallest distance
of two adjacent blade surfaces and evaluating the needed time to pass the line part
between the x-coordinates of the leading- and trailing edge. Using 0.005% of this
time as time step, 20 throughflows are used to record statistics after 10 throughflows
of transient phase. The span is equivalent to 40% of the chord length.

5 Results

The turbulence intensity Tu and length scale L7, normalized with their respective
prescribed values are presented in Fig. 1a). The Dirichlet and integrated characteris-
tic BC reach a value near one (x/Ly = 0). A certain development length is apparent
for the Riemann BC until the turbulence intensity distribution is located between
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the Dirichlet and integrated characteristic line. The differences obtained with the
unsteady 1D characteristics BC can be explained by a too small normal component
of the Reynolds stress in x-direction (not displayed). In general, the decay rates are
similar. Hence, in Fig. 1b) only spectra for the Dirichlet BC are shown. In the first
cell (x/L =0.39%) the spectrum has an undeveloped shape, but further downstream,
the spectrum has a distinct section parallel to the dashed —5/3 line. Near the outlet,
the spectrum shows oscillations in the —5/3 region, since the turbulence does not
pass the outlet boundary cleanly. Furthermore, three wavenumbers associated with
the edge length A of the cubic cells are marked. It can be seen, that wavelengths
smaller than four cell sizes are strongly damped. These qualitative results are ob-
tained with all tested BCs.
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Fig. 2 T106C, Tu = 0.032, Ly = 12 mm a) Probe position and turbulence intensity for a laminar
and turbulent simulation with the Riemann BC, b) Isentropic Mach number (left axis) and total
pressure loss (right axis) for various BCs

To meet the given experimental inflow values of the T106C profile, the decay
law by Roach [12] is used, as done by Michdlek et al. [9]. In this way the value at
the inlet can be reconstructed. In Fig. 2a), the simulation results show that the tur-
bulence intensity at a line shifted by half of the pitch reaches a value near the target
one (green circle). The turbulence intensity of nearly 1% for laminar inflow shows
the effect of upstream traveling acoustic waves, produced by the wake flow. These
waves are the reason why the isentropic Mach number in Fig. 2b) of the reflective
Dirichlet simulation differs from all other BCs. Furthermore, with exception of the
Dirichlet BC, the general level of the total pressure loss matches the exp. data pro-
vided by Michalek et al. [9], although the location of the wake does not coincide.

6 Conclusions

The STG has been coupled with four BCs. The results show a good agreement with
the prescribed values of turbulent intensity and turbulent length scale. The simu-
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lation of homogeneous isotropic turbulence in a cuboid domain shows a physical
spectrum downstream a certain development length. The analysis of a turbine pro-
file isentropic Mach number distribution proves the importance of turbulent inflow
conditions, since otherwise no meaningful results are obtained. Particularly for the
pressure loss distribution, large discrepancies are obtained if the inflow is approxi-
mated as laminar. A next step could be the injection of non-isotropic turbulence and
the specification of non-homogeneous input distributions.
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