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Anewdetached-eddy simulation procedure,MBFLO, is described for the simulation of turbulent flowover/within

arbitrary geometry. This new procedure represents the first step toward developing a turbulent technique that

reduces the reliance on traditional turbulence modeling by directly solving for the larger-scale turbulence effects in

regions where the computational grid is sufficient to resolve those scales. A goal of this effort was to develop a

detached-eddy simulation procedure for which the time-averaged solution can replace current steady simulation

results for design. Because detached-eddy simulation requires the solution of the unsteady Navier–Stokes equations

on computational grids that are typically an order in magnitude more dense than their Reynolds-averaged

counterparts, special care was taken to make this new procedure computationally efficient. This paper describes the

data structure, parallelization, and automation techniques used to produce time-averaged detached-eddy simulation

predictions. Results for the turbulent flow through a turbine and compressor cascade at design and offdesign

conditions, respectively, are shown to illustrate the technique.

Nomenclature

E = total energy
g = acceleration due to gravity
H = total enthalpy
h = static enthalpy
I = rothalpy
k = turbulent kinetic energy
Pr = Prandtl number
Prt = turbulent Prandtl number
p = pressure
R = radius from specified axis of rotation
Sij = mean strain-rate tensor
u = axial velocity component
û = internal energy
V = velocity magnitude
v = tangential velocity component
z = elevation
� = coefficient of viscosity
�� = turbulent coefficient of viscosity
� = density
�ij = shear stress tensor
� = rotational velocity about specified axis of rotation, rad/s
! = turbulent dissipation rate divided by turbulent kinetic

energy

I. Introduction

R EYNOLDS-AVERAGED Navier–Stokes (RANS) solution
procedures are routinely used for the prediction of steady or

unsteady flows for a wide variety of geometry. For many
applications, RANS solutions are adequate in terms of both solution

accuracy and computational turnaround time. Solution accuracy has
been steadily improved from developments in turbulence modeling
and increases in computational grid density allowed by
parallelization techniques. Solution speed has been improved from
advances in numerical techniques, computer hardware, and
parallelization. If one were to quantify the general prediction
accuracy of RANS simulations [1], they would find that
performance, durability, and stability predictions are generally
accurate to within 3–5% of measured values, given the typical time
and resource constraints for solution turnaround today. This level of
accuracy is sufficient for many applications. However, the use of
automated design optimization and advanced design techniques for
high-performance applications requires an increasing level of
accuracy in order to differentiate designs, thereby requiring that the
computational fluid dynamics (CFD) predictions become accurate to
within 0.1% of themeasured performance values. The challenge is to
reach this new level of accuracy without sacrifices in solution
turnaround time.

Research to move to this higher level of accuracy has been
ongoing by a number of CFD development teams. Research topics
have focused on high-order numerical schemes [2–6], paralleliza-
tion techniques [7,8], and turbulence modeling for Reynolds-
averaged [9–12], detached-eddy [13,14], and large-eddy simulation
[15–18] procedures. The focus of the current effort has been to
develop a new parallel detached-eddy simulation (DES) Navier–
Stokes procedure that can produce time-averaged unsteady
simulations in approximately the same turnaround time as previous
Reynolds-averaged steady Navier–Stokes simulations. To reduce
the reliance on traditional turbulence models that tend to break
down in regions of mixing, a detached-eddy or hybrid RANS/LES
model is used to directly solve for the transport of large-scale
viscous flow structures while maintaining the traditional RANS
turbulence model for small-scale and near-wall structures.
Automation and parallelization techniques are incorporated to
enable unsteady and time-averaged solutions to be obtained in an
acceptable turnaround time.

II. Governing Equations and Boundary Conditions

The unsteady Favre-averaged governing flowfield equations
for an ideal compressible gas in the right-hand Cartesian
coordinate system using relative-frame primary variables can be
written as
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Conservation of mass:
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Conservation of energy:
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Total energy:
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Shear stress:
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Mean strain-rate tensor:
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The body-force vector Smi in momentum equation (2) represents
any body forces per unit volume, such as those due to rotation
(Coriolis and centripetal):

Momentum source vector:

Sm i ��2�� �� � V� � � �� � � �� � �R� (9)

For instance, if the fluid domain rotates only about the x axis at a
rotational speed � and the radius to any point in the domain is
R� �y2 � z2�1=2, the circumferential angle at that point is
�� tan�1�z=y�, with the additional geometric identities y�
R cos � and z� R sin �, then the momentum source term vector
becomes

Example momentum source vector:

Sm i �
0 �x direction�

2��w� ��2y �y direction�
�2��v� ��2z �z direction�

" #
(10)

Additional governing equations as developed byWilcox [9,19,20]
for the transport of turbulent kinetic energy and turbulence
dissipation rate in regions of theflowwhere the computational grid or
global time-step size cannot resolve the turbulent eddies can be
written as

Turbulent kinetic energy transport:
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Turbulent frequency transport:
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Subgrid coefficient of turbulent viscosity:
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In regions of theflowwhere the larger-scale eddies can be resolved
with the computational grid, techniques borrowed from large-eddy
simulation are used to represent the viscous shear and turbulent
viscosity. The large-eddy subgrid model described by Smagorinsky
[15] is modified according to the detached-eddy considerations
described by Strelets [13] and Bush and Mani [14], in which the
turbulent viscosity is determined with

Large-eddy coefficient of turbulent viscosity:
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where lle is an eddy length scale proportional to the grid/time-step
filter width �:
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In addition, the dissipation term ���k! of the turbulent kinetic
energy transport equation (11) is limited by the eddy length scale lle,
according to kinetic energy dissipation:
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whereCdes is a proportionality coefficient with a value on the order of
1.0. Based on a limited number of validations performed thus far, the
Cdes coefficient appears to be a function of the freestream Reynolds
number based on the geometric characteristic length. Further
validation simulations are necessary to determine this Reynolds
number relationship.

The boundary conditions used during the solution of Eqs. (1–16)
can be categorized into inlet, outlet, periodic, and solid-wall regions.
At the inlet, the relative total pressure and total temperature are held
fixed for the flow equations, and the turbulent kinetic energy and
dissipation frequency are held at freestream levels that are a function
of the specified freestream turbulence intensity and the dissipation
length scale. At the exit, the static pressure is held fixed for the flow
equations and the turbulent kinetic energy and dissipation frequency
are extrapolated. Both inlet and exit boundary conditions are
implemented in a manner to minimize reflections. Periodicity of the
flow variables exist on the upper and lower boundaries of the
computational domain upstream of the leading edge and downstream
of the trailing edge for cascade geometry. The flow variables at a
given point on a periodic boundary are held to be the same as theflow
variables at a corresponding point on the opposing periodic
boundary. In the current investigation, all solid walls were assumed
to be adiabatic. The same boundary conditions were used for
Reynolds-averaged and detached-eddy simulations.

III. Numerical Techniques

The conservation equations given in Eqs. (1–3), (11), and (12) are
solved using a Lax–Wendroff control-volume time-marching
scheme as developed by Ni [21], Dannenhoffer [22], and Davis et al.
[23,24]. Numerical solution of unsteadyflows can be performedwith
either the explicit [21] or a dual-time-step procedure [25]. These
techniques are second-order-accurate in time and space. A multiple-
grid convergence acceleration scheme [21] is used for steady
Reynolds-averaged solutions and the inner convergence loop of
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unsteady simulations using the dual-time-step scheme. The new
approach is called MBFLO and has 2-D, axisymmetric (with and
without swirl), and 3-D versions. The two-dimensional procedure
MBLO2P (two-dimensional, parallel) and numerical results are
described here.

It is recognized that two-dimensional detached-eddy simulations
lack the three-dimensional effects resulting from the interaction of
eddies in the third dimension [26] and therefore tend to underpredict
diffusion. However, two-dimensional design is an important part of
the overall design process of wings, turbomachinery blades, and
other similar lifting bodies, and so a robust two-dimensional
simulation capability is highly desirable. The hope is to account for
the three-dimensional eddy-interaction effects through additional
modeling in the future.

A. Data Structure

Amultiblock point-matched structured-grid strategy is used in the
current procedure. Blocks are constructed from multiple faces. Each
face of a block is allowed to have an arbitrary number of subfaces to
enable virtually any connectivity of blocks and any combination of
boundary conditions along a face of a block. Blocks may have any
arbitrary orientation relative to the adjoining blocks. Block-
connectivity and boundary-condition information is defined by a
global connectivity file that stores global block number, block
rotational speed, and information for each subface of each face. The
subface information includes the physical-boundary-condition type
or the adjoining block number, the starting and ending indices of the
subface, the starting and ending indices of the adjoining subface, and
any auxiliary physical-boundary-condition information. The block-
connectivity file is either constructed by the user or automatically
produced by a grid-generation procedure.

B. Control of Numerical Dissipation

A new approach to numerical dissipation is introduced in the
MBFLO codes. In central-difference codes, artificial dissipation is
used to control odd–even decoupling and to capture shocks. The
combined second- and fourth-difference dissipation model of
Jameson et al. [27] is used in the current procedures for both themean
flow and turbulence transport equations. It is a common practice to
decay, or scale, the numerical dissipation through the viscous flow
regions so that the numerical dissipation does not overwhelm the
conservation equation fluxes. Various approaches have been used
previously to perform this function. Jameson et al. [27] suggested
scaling the dissipation fluxes by the time step multiplied by the
spectral radius. This scaling essentially decays the numerical
smoothing based on the local minimum grid spacing. Thus, in
regions of fine-grid spacing such as in the boundary-layer regions,
the numerical dissipation is decreased. The disadvantage to this
approach is that viscous flow regions, including wakes or large-eddy
structures, often occur in regions where the computational grid is not
clustered. As a result, the structure and physical effects of these
viscous flows can be damped. Chima [28] decayed numerical
dissipation through the viscous flow regions using a Mach number
function. The disadvantage of using either a velocity or Mach
number function is that inviscid regions of low-speed or low Mach
number flow can often exist in the domain. As a result, the numerical
dissipation can be decayed in regions where it should not. Davis et al.
[23,24] decayed the numerical dissipation through boundary layers
by determining the boundary-layer length scales and then decaying
the numerical dissipation using exponential functions. This approach
works well for boundary-layer flows, but unfortunately does not
address the need to decay the numerical dissipation in general
viscous flow regions.

In the current MBFLO procedure, a numerical dissipation source
term SD is added to the right-hand side of Eqs. (1–3):

SD � �2�
2�Q� � �4D4�

4�Q�; �2 � 0:14 2�CFL�
�����2p
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����
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where �2 and �4 are second- and fourth-difference operators,
respectively, on Q� ��; �u; �v; E	 along the grid lines, and �2 and
�4 are input coefficients with values typically set to 1.0. The fourth-
difference dissipation is scaled by the coefficient D4, which is
proportional to the inverse of the absolute value of the mean strain
rate squared:
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This function decays the numerical dissipation in all viscous flow
regions, including boundary layers, wakes, large eddies, secondary
flows, etc. It has been found to work well for flows without as well as
with heat transfer.

C. Decomposition, Parallelization, and Agglomeration

Decomposition of the computational domain is performed in a
separate grid-generation procedure. This procedure generates a
smooth, stretched computational grid using an algebraically
generated initial grid that is smoothed with a multiblock Poisson
technique [29,30]. Decomposition of the initial multiblock grid into
additional grid blocks to enhance parallelization of the solution is
performed using an optimization procedure that attempts to load-
balance the resulting blocks asmuch as possible. The grid-generation
procedure produces a computational grid file as well as the MBFLO
global connectivity file that describes block-neighbor and boundary-
condition information.

Parallel versions of the MBFLO suite of codes exist in addition to
the serial versions. Parallelization is performed using the Message
Passing Interface (MPI) library [31]. Message passing is limited to a
single subroutine for each of the flow and turbulence solvers to
reduce overhead and allow for scalable parallelization. Figure 1
shows the typical speedup as a function of the number of processors
for theMBFLO2P code. The configuration used to generate this data
was a turbine cascade similar to that shown subsequently in the
Results section, in which the computational grid consisted of 34,000
grid points and 30 blocks. These data were generated on a Linux
cluster consisting of 2.6 GHz Athalon CPUs. Figure 1 shows that a
speedup factor of 25.5 is realized, with 30 processors yielding an
85% parallel efficiency, which is considered good for a two-
dimensional procedure with this number of grid points. As a result,
the computational turnaround time per grid point, per iteration using
30 processors, is 2 � 10�6 s. Typical time-averaged detached-eddy
simulations of configurations with a similar grid density in which a
steady RANS solution followed by an unsteady detached-eddy
solution and time-averaging over an appropriate period can be
performed in less than 1 h clock time.

It can be tedious to postprocess solutions in which the
computational domain has been decomposed into many blocks.
Creating continuous pressure distributions or integrating quantities
requires knowledge of the block connectivity. Postprocessing could

Fig. 1 Typical speedup factor as function of the number of processors.
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be done entirely within the flow solution procedure that stores this
information. However, it is desirable to also be able to postprocess
information in a separate procedure. To simplify this separate
postprocessing step, the MBFLO procedure has the ability to
agglomerate the decomposed set of blocks back to aminimal number
of blocks. This ability greatly expedites the postprocessing of
pressure distributions, boundary-layer characteristics, and aerody-
namic performance quantities as well as simplifies boundary-layer
transition modeling.

D. Automation

Several automation techniques were added to the MBFLO2P
procedure in order to produce time-averaged detached-eddy
simulation results in the same turnaround time as traditional steady
Reynolds-averaged Navier–Stokes simulations. A detached-eddy
simulation consists of the following automated steps to provide
solution acceleration and the engineering information relevant to
design:

Fig. 2 Turbine cascade computational grid and blocking scheme.

Fig. 3 Turbine cascade Mach number contours.
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1)Read global aerodynamic, connectivity, and computational grid
information.

2) Define the initial conditions of all flow variables.
3) Perform decomposition of blocks to processors via processor

restart files.
4) Each processor reads its own restart files consisting of

individual connectivity, grid, and initial flow files.
5) Perform a steady Reynolds-averaged Navier–Stokes solution

(used for comparison with the detached-eddy solution).
6) Write a global steady RANS solution file that is agglomerated

back to a minimal number of blocks defined by the user to simplify
postprocessing.

7) Continue with a time-accurate detached-eddy simulation for a
specified number of time steps.

8) Over a prescribed time interval, time-average the detached-
eddy simulation and write a global agglomerated instantaneous
restart file for postprocessing and solution animation.

9) Write out the global time-averaged agglomerated detached-
eddy simulation results.

IV. Results

The MBFLO2P code was verified with analytical data for a series
of standard test cases such as steady inviscid flow over circular
bumps and airfoils and viscous laminar and turbulent flow over a flat
plate. The code was also validated against experimental data for
viscous turbomachinery cascade flows and low-Reynolds number
laminar flow over a circular cylinder. Turbulent simulation results
using the MBFLO2P procedure are shown subsequently for
turbomachinery applications to demonstrate accuracy and feasibility
for use of the procedure in design.

A. Turbine Cascade

To demonstrate the solution capability of the RANS and DES
procedures for flows at design conditions, the flow through the
transonic turbine cascade tested by Arts et al. [32] was performed.
Figure 2a shows the computational grid used in these simulations.
The grid consisted of a total of 36,440 points. A 4-block HOHH grid
was generated using a new cascade grid procedure in which an O-
grid extends around the airfoil, an H-grid extends upstream and
downstream of the O-grid leading and trailing edges, and an H-grid
extends across the cascade passage. This 4-block grid was
automatically decomposed further into 31 nearly equal-size blocks,
all able to use the same multiple-grid levels for convergence
acceleration. The outline of the 31 blocks is shown in Fig. 2b.

The flow conditions for the simulations shown subsequently
correspond to test point MUR45, in which the inlet Mach number
was 0.15 and the exit isentropic Mach number was 0.875. The inlet
and exit flow angles relative to the horizontal are 0 and �75 deg,
respectively. The Reynolds number based on inlet conditions and
axial chord is 115,400. Steady RANS, unsteady RANS, and DES
simulations were performed to investigate the differences in
solutions and to document the run times. The unsteady RANS and
DES simulations were performed using the implicit dual-time-step
procedure with a time-step size of 2:4 � 10�7 s. This time-step size
was chosen in order to resolve any self-excited effects due to trailing-
edge shedding. Approximately 100 time steps were performed for
each trailing-edge shedding cycle. As a result, the unsteady

simulations were run for a total of 8000 time steps, which
corresponded to approximately 80 trailing-edge shedding cycles.
The flow was time-averaged over the final 4000 time steps, or
approximately 40 shedding cycles.

TheMach number contours from the steady RANS, instantaneous
and time-averaged unsteady RANS (URANS), and instantaneous
and time-averaged DES are shown in Figs. 3a–3e. In general, the
Mach number contours of all simulations are similar, with the
exception of the wake. The steady RANS contours show no wake
shedding, due to the use of local time steps and multiple grids. The
instantaneous URANS and DES contours show evidence of trailing-
edge shedding,with the sheddingmuchmorewell defined in theDES
results.

Figure 4 shows a comparison between the steadyRANS computed
pressure distribution and the experimental data. All of the
simulations produce similar pressure loading. The agreement
between the simulations and the experimental pressure distribution is
good except around the 75% axial chord positions on the suction
side, where all simulations slightly overpredict the pressure. This
overprediction is likely due to the assumed linear variation of
spanwise stream-tube contraction in the simulations used to model
the endwall boundary-layer effects in the experiment. The computed
time-averaged DES pressure level is also slightly higher than the
RANS results between 50–70% axial chord on the suction side
downstream of the throat. This difference is likely due to the greater
vortex shedding with corresponding mixing and reduced effective
blockage in the wake of the DES simulation, as shown by
comparisons of Figs. 3b and 3c with Figs. 3d and 3e. In addition, the
time-averaged pressure is lower around the trailing edge, due to the
stronger computed vortex shedding.

The total pressure loss coefficients

	2 � 1 � �P2=Pt2�
=�
�1�=�P2=Pt1�
=�
�1�

computed from the steady RANS, time-averaged DES, and time-
averaged URANS (medium grid) are compared with the

Table 1 Effect of grid density on computed total pressure loss coefficients (experimental value� 2:17)

Coarse grid (9,358 points) 	2 loss coef,
%

Medium grid (36,440 points) 	2 loss coef,
%

Fine grid (143,788 points) 	2 loss coef,
%

Steady RANS 6.54 (error� 4:37) 1.58 (error��0:59) 3.15 (error� 0:98)
Time-averaged
URANS

7.23 (error� 5:06) 1.81 (error��0:36) 2.52 (error� 0:35)

Time-averaged DES 5.34 (error� 3:17) 2.20 (error��0:03) 1.98 (error��0:19)

Fig. 4 Turbine pressure distribution.
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experimentally measured value in Table 1. The steady and time-
averaged RANS computed loss is underpredicted. The DES loss
coefficient is only very slightly overpredicted, with an error in exit
nondimensionalized total pressure of only 0.03% or an error in loss
coefficient of only 1.4%.

The results from these computations demonstrate that the time-
averaged detached-eddy simulation methodology is better at
predicting aerodynamic performance of the von Kármán Institute
turbine. A grid-refinement study was performed to determine the
sensitivity of the predictions to grid density. In addition to the
preceding simulation results (denoted as medium with 36,440
points), steady URANS and DES simulations for grid densities
approximately 4 times (2 times in each direction) more coarse
(denoted coarse with 9,358 points) and 4 times more fine (denoted
finewith 143,788 points) were performed. Thewall spacingwas kept
the same for all cases in this investigation. Table 1 also gives the
computed total pressure loss coefficients for the coarse- and fine-grid
cases that can be compared with the medium-grid losses.
Comparison shows that there are large variations in computed loss
in the steady and time-averaged RANS simulations as a function of
grid density, with the difference in computed loss coefficient being as
much as 0.98%. Both steady and time-averaged RANS computed
losses tend to overshoot the experimental value with grid refinement
and converge to a fixed loss level in a roller-coaster fashion.
The time-averaged DES simulations, however, asymptote to a
loss coefficient that is close to the experimental data as the grid is
refined.

B. Compressor Cascade

The simulation of offdesign conditions is especially difficult for
steady Reynolds-averaged Navier–Stokes procedures, due to the
self-excited unsteadiness that arises from regions of separated flow.
Like isolated airfoils, this mode of unsteadiness can also be
especially large in turbomachinery axial compressors. Numerical
techniques such as multiple-grid convergence acceleration as well as
numerical dissipation can damp these modes of unsteadiness in
steady simulations. Unsteady Reynolds-averaged procedures allow
these unsteady modes to occur but can dampen the unsteady
amplitude and create additional diffusion from the turbulencemodel.
Detached-eddy simulation allows the resolved self-excited modes to
occur without unnecessary turbulence modeling effects, thus
increasing the accuracy of predicted unsteady amplitudes.

To demonstrate the capability to predict detached-eddy simula-
tions of compressor cascades at offdesign, the flow through the
cascade geometry designed and tested by Stephens and Hobbs [33]
was performed. Details of the cascade geometry were given byDavis
et al. [24]. The compressor cascade is shown in Fig. 5, along with the
computational grid and parallel block decomposition used during the
simulation. The agglomerated computational grid consisted of an
O-grid around the airfoil with 385 (streamwise) by 33 (airfoil-
normal) points, an upstream H-grid with 49 (streamwise) by 33 (tan-
gential) points, a downstream H-grid with 81 (streamwise) by 17
(tangential) points, and a midpassage H-grid with 297 (streamwise)

by 65 (tangential) points, for a total of 35,004 points. This is
approximately 6 times the number of grid points used in the previous
steady RANS simulations of Davis et al. [24].

The flow conditions for this simulation correspond to a positive
incidence of 7 degwith an inlet angle of 50 deg, an exit angle of 0 deg
(both relative to the horizontal), an inlet Mach number of 0.738, and
an exit Mach number of 0.555. The inlet Reynolds number based on
axial chord was 327,352. For these conditions, the flow is transonic
near the leading edge and shocks due to suction-side stall off the
blade at approximately 15% axial chord. The URANS and DES
simulations were performed using a global time step of 3:3 � 10�7 s.
A total of 20,000 time steps were run for these simulations, and the
flowwas time-averaged over the last 12,000 of these time steps. This
test case illustrates how the global time-step size is determined in the
current procedure from the highest frequency of interest in the flow
(in this case, due to trailing-edge shedding), whereas the time-
averaging period is determined from the lowest frequency in the flow
(in this case, due to large-scale vortices associated with suction
surface stall).

Figures 6a–6e show the predicted Mach number contours at these
conditions from the steady RANS, instantaneous RANS, time-
averaged RANS, instantaneous DES, and time-averaged DES
simulations. The steady RANS contours show a strong shock on the
suction surface near the leading edge, with subsequent separation
occurring at approximately 25% axial chord. The time-averaged
URANS and DES computed Mach number contours do not show a
shock, but rather a distributed recompression. In comparison, the
unsteadiness in the flow is dramatically illustrated by the complex
vortex structure in the instantaneous URANS and DES results of
Figs. 6b and 6d. The vortices produced in the URANS simulation
tend to be larger and at a lower frequency than those of the DES
simulation. In addition, the DES results show strong vortex shedding
near the trailing edge that are not as pronounced in the URANS
simulation.

The computed total pressure loss coefficient �Pt1 � Pt2�=Pt1 of the
steady time-averaged URANS and time-averaged DES were 0.064,
0.069, and 0.067, whereas the experimental value was 0.044,
indicating that all simulations overpredicted the loss due to the
complex stalled flow. Prediction of the exact total pressure loss under
these conditions is extremely difficult due to the exponential growth
of total pressure loss as stall develops. The overprediction of loss in
the RANS simulations is likely due to the double bookkeeping of the
turbulence effects for the large vortical structures in the stalled-flow
region and wake. The detached-eddy simulation reduced this double
bookkeeping modeling error but still computed higher aerodynamic
losses than the experimental data for this test case. This excessive
loss level in the DES is probably due to the modeling coefficientCdes

of Eqs. (15) and (16), which, as already pointed out, was found
to be dependent on the freestream Reynolds number. Further
validation simulations will likely help to better define this modeling
coefficient.

A comparison of the computed steady and time-averaged pressure
distribution with experimental data is shown in Fig. 6f. The steady
pressure distribution exhibits a strong shock at 10% axial chord on
the suction surface that, again, is not produced by the time-averaged
URANS or DES simulations. The distributed recompression
produced by both time-averaged simulations is in much better
agreement with the experimental data on the suction surface. Both
the time-averaged RANS and DES simulations underpredicted the
pressure on the suction surface downstream of the transonic region
(beyond 15% axial chord). Both simulations also overpredicted the
pressure on the later portion of the suction surface. The agreement
between the time-averaged RANS computed pressure and the
experimental data is generally better, however, than that computed
by the time-averaged DES simulation. The difference in predicted
pressure levels is most likely due to the smaller vortical structures
produced in the DES simulation as already mentioned and shown in
Figs. 6b and 6d. The time-averaged URANS and DES simulation
results agree well with the measured data on the pressure surface
(upper curve of pressure distribution), whereas the steady RANS
results underpredict the pressure toward the trailing edge.

Fig. 5 Transonic compressor cascade computational grid and blocking

scheme.
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Fig. 6 Transonic compressor cascade Mach number contours.
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V. Conclusions

A new parallel two-dimensional detached-eddy simulation
procedure, MBFLO2P, was developed for the efficient solution of
time-averaged turbulent flow of general configurations. The goal of
this effort was to develop an accurate turbulent-flow procedure
capable of producing time-averaged detached-eddy solutions in
approximately the same wall-clock time as previous steady
Reynolds-averaged solutions. Efficient parallelization and automa-
tion techniques were incorporated to help reach this goal. Results are
shown that demonstrate the ability of the current procedure to
accurately and rapidly compute unsteady and time-averaged
turbulent flow of turbomachinery cascades at design and offdesign
conditions, making the procedure eligible for use in design.
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