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The present paper swmmarizes ongoing research and develop-
ment in the field of Computational Fluid Dynamics on high-
performance supercomputers at the LSTM Erlangen. Steadily in-
creasing computer performance opens up new vistas for CFD. In
the carly stage, only two-dimensional predictions based on po-
tential theory were feasible. Nowadays, solutions of the three-
dimensional, time-dependent Navier-Stokes equations in complex
geometries are state-of-the-art. However, still enough challenges
remain for the CFD community. One of the grand challenges s
the simulation of turbulent flows. Advanced techniques such as
large-eddy simulation and direct numerical simulation will play a
more important role in the future. Based on three different ex-
amples, the present work demonstrates, how these techniques can
be applied to investigate practically relevant, turbulent flows. The
ezamples cover a wide range of applications, namely the flow in a
stirred vessel configuration, the sub- and super-critical flow past a
circular cylinder, and the flow around a wing in high-lift configura-
tion. Finally, it is exemplarily shown, how CFD can be combined
with other engineering disciplines in order to solve coupled prob-
lems such as fluid-structure interaction. Based on an application
related to civil engineering, the methodology and its successful ap-
plication to static as well as dynamic fluid-structure interaction is
demonstrated.

INTRODUCTION

During the last decades the performance of the fastest supercomputers in
the world has been increasing about one order of magnitude every five years and
despite occasionally contrary prophecies this trend is still continuing (see Fig. 1). At
the same time the speed of microprocessors used in PCs and workstations increases
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Figure 1. Development of the peak performance of
supercomputers and PC processors from 1940 until
today, data taken from [1-3]

roughly with the same gradient leading to the situation that CPU intensive tasks
presently requiring a supercomputer can be tackled on desktop machines about 15
to 20 years later. This steadily increasing computer power and memory, augmented
by concurrent progress in numerical methods, have a strong impact on the ongoing
research in fluid mechanics allowing to complement and partially replace experimental
investigations by numerical simulations. At first Computational Fluid Dynamics was
critically surveyed. However, in the meantime CFD has been widely accepted as a
valuable tool for performing basic research as well as for solving practically relevant
flow problems. \

In the beginning of the CFD era it was not possible to solve the full Navier-
Stokes equations describing the conservation of mass, momentum and energy, which
is a coupled system of non-linear partial differential equations (2" order in space, 1%
order in time). Therefore, its solutions requires high computational efforts. Neglect-
ing all second order terms describing molecular transport processes (viscous diffusion
and heat conduction) leads to the Euler equations. The solution of these still non-
linear coupled system of equations is less time-consuming than the integration of the
Navier-Stokes equations. For many applications, e. g., in acronautical aerodynamics
such as the flow around a wing under cruise flight conditions, the solution of the
Euler equations is sufficient for the determination of important quantities such as
the pressure distribution. For more detailed investigations of wall-bounded flows,
the Euler simulations often have been coupled with a boundary layer computation of
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the near-wall flow. However, even such simulations were too costly at the beginning,
demanding for further simplifications of the governing equations. Assuming an irrota-
tional and isentropic flow, the Euler equations reduce to the potential equation which
for an incompressible fluid is a single 2nd grder linear partial differential equation.
Based on efficient and robust numerical algorithms such as the multigrid technique,
the solution of the potential equation can be achieved very fast. Of course, the sim-
plified equations can ouly yield reliable results as long as all simplifying assumptions
are fulfilled. Because in many applications the simplification in the Euler and po-
tential equations are not valid, a strong tendency to apply more general governing
cquations was observed in the following years. Nowadays, most numerical simulations
in research and industry are based on the Navier-Stokes equations. Nevertheless, this
does not mean that the development has come to an end. Increasing confidence in
CFD leads to higher demands on this technique tending towards different goals. Some
of these are:

e t0 increase the accuracy of the numerical solutions,

e to improve the cfficiency of the numerical algorithims,

e to tackle flow problems in more complex three-dimensional geometrics,

o 10 solve unsteady fluid flows,

e to solve coupled problems such as fluid-structure interaction or acroacoustics,
e to include more physical and chemical phenomena such as heat and mass trans-

fer, radiation, chemical reactions, turbulence, combustion, multi-phase flows,
free-surface flows ...

The CFD group at the LSTM Erlangen has a long-lasting experience in the
development of CFD codes for the solution of the Navicr-Stokes equations and the
application of these codes to a variety of flow problems (sce, e. g., [4-19]). It is
involved in most of the topics mentioned above. Furthermore, the implementation
of the numerical methods on high-performance supercomputers, especially parallel
and vector-parallel machines, plays an important role in order to allow simulations
of complex flows. Based on four different applications, the present paper sumimarizes
ongoing rescarch in various fields of CFD with emphasis on high-performance com-
puting aspects, turbulence simulation based on direct numerical simulation (DNS)
and large-eddy simulation (LES), and fluid-structure interaction.

The paper is organized as follows. The next section gives a brief description
of the computational basics employed. The high-performance computing techniques
applied are outlined in a third section. In the subsequent section, the CFD applica-
tions are described in detail and the computational results are discussed. Finally, the
results are summarized and conclusions are drawn.

49



THERMAL SCIENCE: Vol. 5 (2001), No. 1, pp. 47-74

COMPUTATIONAL METHODOLOGY

Governing equations

A fascinating property of the Navier-Stokes equations is their capability to
describe a simple laminar as well as even the most complex turbulent flow. For
DNS and LES the three-dimensional and time-dependent equations have to be solved
combined with appropriate boundary conditions which are defined by the flow problem
of interest. If the entire spectrum of turbulent eddies is resolved by a numerical
method, no turbulence model is required at all; such simulations are called DNS.
On the contrary, in LES only the large energy-carrying eddies are computed directly
whereas the influence of the small eddies has to be modeled by a subgrid scale model.
In order to separate the large- and small-scale motions, the Navier-Stokes equations
are filtered. The filtering procedure provides the governing equations for the resolvable
scales of the flow field. While the continuity equation of the resolved quantities
is equal to the original unfiltered one, the filtered momentum equation includes an
additional term for the non-resolvable subgrid scale stresses 7;; which results from
filtering the non-linear convective fluxes. The tensor 7i; describes the influence of the
small-scale structures on the larger eddies. For incompressible flows as assumed in the
present work, only this effect has to be taken into account by a subgrid scale model.
Additionally, in a compressible flow, subgrid scale heat fluxes have to be considered.
For DNS, the filter width tends to zero leading to vanishing subgrid scale stresses as
well as heat fluxes and therefore to the unfiltered Navier-Stokes equations.

Classical turbulence modeling is generally based on the Reynolds-averaged
Navier-Stokes (RANS) equations combined with statistical turbulence models. A va-
riety of statistical turbulence models was developed to close the RANS equations on
different levels of approximation. This includes simple zero-equation algebraic eddy
viscosity models, most frequently used two-equation k-e models and its numerous
variants such as the k-w- or the RNG-k-¢ model, and higher-order models such as
algebraic or full Reynolds stress models. As long as the flow is not too complex,
these models typically provide useful results at least if the set of model parameters
is adjusted properly. However, if complex flow phenomena such as separation, reat-
tachment, transition, swirl, or streamline curvature are involved, RANS models often
fail to predict the flow correctly. Nevertheless, for engineering applications, DNS and
LES are often too CPU-time intensive and therefore the RANS approach has to be
applied as in the case of the fluid-structure interaction problem described below and
for comparison with the DNS results in the stirred vessel case.

Numerical methods

Owing to several reasons the LES and the DNS/RANS predictions were car-
ried out based on two different computer codes which, however, have several features
in common as explained below.

-
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LES code

The LES code LESOCC is based on a 3-D finite-volume method for arbi-
trary non-orthogonal and non-staggered grids [4-9]. Block-structured grids, where
the blocks may be globally unstructured but the grid in a block is locally structured,
are used in the present study. The block-structured approach can be viewed as a
compromise between the high geometric flexibility of fully unstructured grids and the
high numerical efficiency achieved on globally structured grids. Five different options
are implemented in LESOCC for the approximation of convective fluxes. However,
based on experience in previous investigations [5,10], in most cases central differences
of second-order accuracy are applied for both the convective and the viscous fluxes.
In order to ensure the coupling of pressure and velocity fields on non-staggered grids,
the momentum interpolation technique of Rhie and Chow [20] is applied. Time ad-
vancement is performed by a predictor-corrector scheme. A low-storage multi-stage
Runge-Kutta method (three sub-steps, second-order accurate in time) is applied for
integrating the momentum equations in the predictor step. Within the corrector step
the Poisson equation for the pressure correction is solved implicitly by an incomplete
LU decomposition method (SIP solver). Explicit time marching works well for LES
with small time steps necessary to resolve turbulence motion in time. For modeling
the non-resolvable subgrid scales, two different models are implemented, namely the
well-known Smagorinsky model [21] with Van Driest damping near solid walls and
the dynamic model originally proposed by Germano et al. [22] and later modified by
Lilly [23]. Moreover, LES computations were performed without any subgrid scale
model in order to investigate the influence of the model on the resolved scales.

DNS and RANS code

Similar to the LES code the DNS/RANS ‘code FASTEST is based on a fully
conservative finite-volume discretization on non-orthogonal boundary-fitted grids. Se-
cond-order discretization is used for all terms (central differences, linear interpolation)
with a deferred correction approach for the convective fluxes. In contrast to the LES
code, FASTEST applies an implicit time discretization either by a three-time-level,
second-order fully implicit scheme or by a Crank-Nicolson scheme. Based on the con-
tinuity equation, a pressure-correction equation is derived according to the SIMPLE
algorithm. The linearized equations for the velocity components, the pressure cor-
rection and other scalar variables are assembled and solved sequentially, where the
same ILU approach as above is employed as a linear system solver. Outer iterations
are performed to take into account the non-linearities, the coupling of the variables,
and the effects of grid non-orthogonality, which are treated explicitly in all equations.
More details on FASTEST are given by Durst et al. [11] and Durst and Schifer [12].

One special item in connection with the stirred vessel computations should be
explained here. During operation, the shape of the flow domain in a baffled stirred-
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tank reactor obviously varies with time owing to the relative motion of impeller and
baffles. The time-dependent solution domain inherently requires a time-dependent
grid topology and solution procedure. A fully time-dependent simulation is compu-
tationally very intensive, since starting from a fluid initially at rest, up to 30 impeller
revolutions have to be simulated to overcome the start-up flow patterns. An alter-
native approach to the fully time-dependent solution is the steady-state approach
proposed by Harvey et al. [24] for laminar flows and extended by Wechsler et al. [13]
to turbulent flows. As in the fully time-dependent approach, the governing equations
1 a domain that includes the impeller are solved in a rotating frame of reference. The
governing equations in the remaining flow domain are solved in a frame of reference
at rest. In contrast to the fully time-dependent approach, this is equivalent to consid-
cering only one position of the impeller relative to the baffles and corresponds to the
assumption of an azimuthally constant flow field in the far-field of the impeller at some
radial distance from the rotation axis of the impeller. Wechsler et al. [13] found en-
couraging agreement between steady-state and unsteady RANS computations of the
turbulent flow induced by a 4/45° pitched blade impeller, whereas the steady-state
computations required only a fraction of the CPU time of the fully time-dependent
calculation. Hence this technique was adopted to compute the ow around a Rushton
turbine by RANS and DNS.

HIGH-PERFORMANCE COMPUTING
TECHNIQUES

Each year, the 500 most powerful computer systems installed worldwide are
ranked by Meuer et al. [3] in the TOP500 list. The computers listed can be divided
into three different categories depending on the architecture:

o MPP Systems = "Massively Parallel Processing”:
. g 7 ) v
MPP systems are built from an extremely large number [O(10? — 10")] of com-
paratively “cheap and slow” microprocessors (e. g. Pentium-Pro processor in

the Intel ASCI Red MPP system).

e PVP Systems = ”Parallel Vector Processing”:
Vector-parallel processing systems such as NEC SX-4/5 or Fujitsu VPP 700/5000
are built from a moderate number [O(10' — 10?)] of especially developed vec-
tor units applying the pipelining technique. They utilize the fastest individual
processors available.

e SMP Cluster = “Symmetric Multi-Processing”:
SMP systems arc built from a cluster of symmetric (RISC based) multi-processor
nodes connect via a fast network leading to a multi-level architecture. The sys-
tems consists of a moderate number of nodes where each node is built from

(S
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a moderate number of symmetric processors. The microprocessors belonging
to one node have a shared memory. All nodes are connect by a fast network
leading to fast systems. An example for such a SMP system is the German
federal top-level supercomputer, Hitachi SR 8000-F1, installed at HLRB Mu-
nich [25] presently consisting of 112 nodes. Each node possesses 8 superscalar
RISC processors (1.5 GFlops peak performance) having pseudo-vector prop-
erties which are achieved by extensions of the IBM POWER instruction set.
These improve the memory bandwidth, alleviating the main deficit of RISC-
based high-performance computing.

In the present work PVP systems and SMP clusters are prefered for the CFD
simulations. Compared with MPP systems, they generally show much better perfor-
mance characteristics for engineering applications.

In order to achieve high performances on vector or pseudo-vector processors,
the CFD codes were adapted to these machine architectures independent of the spe-
cific vendor. According to Amdahl’s law, it is extremely important to achieve a high
vectorization rate. In the present CFD codes, three different types of do-loops have
to be distinguished for the vectorization purpose. The first type consists of all loops
which calculate the source terms and coefficients of the conservation equations for
the internal flow region. Because no data dependencies exist for these kind of loops,
they are easily vectorized. The vector length is determined by the number of internal
control volumes (CVs) in one block which is typically larger than the optimal vec-
tor length. The second group of loops which appears in the implementation of the
boundary conditions leads to much shorter vector lengths because of the restriction
to 2-D surface data. Again, no recursion prevents vectorization. Larger efforts had
to be made to vectorize the implicit parts of the codes, namely the SIP solver for
the linear system of equations which typically consumes almost half of the computing
time of the entire CED code. Due to a recursive data structure, the SIP solver is not
vectorizable in a straightforward manner. However, Leister and Peric [26] showed that
vectorization can be achieved by avoiding data dependencies through indirect address-
ing and sweeping through the computational domain along diagonal planes, so-called
hyper-planes. Thus one sweep through the entire domain consists of hyper-planes
having different vector lengths. Due to this variable vector length and the indirect
addressing used, the performance of the vectorized SIP solver is slightly lower than
the other parts of the codes.

The parallelization strategy used in LESOCC and FASTEST for PVE sys-
tems and the node level of SMP clusters is based on domain decomposition with ex-
plicit message passing and consequently works on all kinds of machines independently
of the memory architecture (distributed or shared memory). The message-passing-
interface (MPI) software is used as a communication library. The domain decompo-
sition technique is directly related to the block-structuring. The principle idea is to
transform the geometric block-structure which results from the requirements to model
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the geometry by some suitable mapping process to a new parallel block-structure. The
- resulting blocks are assigned to the available processors [11,12]. The blocks of the
parallel block-structure have to meet the most important requirement for efficient
implementation on a parallel computer, namely a good load-balancing efficiency due
to similar numbers of CVs on each processor. The load-balancing efficiency is defined
as the ratio of the total number of CVs to the number of processors times the largest
number of CVs of one processor. If the CVs are equally distributed to the processors
as in the LES computations of the circular cylinder flow, the load-balancing efficiency
is 100%. Typical sustained performances on four processors of a NEC SX-4 and a
Fujitsu VPP 700 are about 4.0 GFlops and 3.7 GFlops, respectively. For the more
complex geometry of the stirred vessel the load-balancing efficiency was about 94%
in the worst case.

The SMP cluster architecture of the Hitachi SR 8000-F1 allows the use of
three different levels of parallelization. The lowest level is defined by the pseudo-
vector processing already mentioned above. The intermediate hierarchy level is the
intra-node auto-parallelization over all processors of one SMP node supported by
the compiler applying COMPAS (Co-Operative Micro Processors in single Address
Space). The highest level of the parallelization hierarchy is the inter-node paralleliza-
tion using several SMP nodes and a communication library for the data exchange
between the nodes such as MPI in LESOCC and FASTEST. Taking all three lev-
els into account, a total performance of about 20.8 GFlops applying 12 nodes was
measured on the Hitachi SR 8000-F1 for the present computations of the airfoil flow.
This is equivalent to a sustained performance of about 2.6 GFlops for each SMP node.

APPLICATIONS OF DNS AND LES

DNS of turbulent flow in a stirred vessel
Background and computational configuration

The importance of impeller stirred reactors for production processes in the
chemical industry is undisputed. Operating stirred tank reactors large losses occur
due to inadequate design, and further research studies are strongly recommended to
increase the understanding of mixing processes in order to permit reliable process
optimization. For this reason, numerous experimental investigations have been car-
ried out. However, most of these studies are restricted to smaller scale processes,
since the analysis of real full-scale equipment is often-impossible. The scale-up rules
which are applied to transfer the knowledge obtained on the laboratory scale are often
not straightforward and uncertain leading to non-optimal design of full-scale equip-
ment. CFD provides an advantageous and highly useful alternative for the analysis
of industrial fluid flow processes.
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The flow in a stirred vessel configuration often used in practice is consid-
ered in the present work. A closed, cylindrical vessel of diameter/height T'= H
equipped with four baffles of width b~ T/10 and a clearance between baffles and
tank wall of s ~ T/58 is stirred by a Rushton turbine of the following dimensions:
diameter/clearance D = h = T/3, blade width/length w = o= Dj4. The
geometry is similar to the configuration experimentally investigated by Schifer et
al. [27] except that the disc and the blades are infinitely thin. A Reynolds number of
Re = o ND?/n = 7275 (N = rotational speed of the stirrer) was chosen for the exper-
iment which is accessible to DNS and RANS with standard k-¢ model. Additionally,
a series of lower Reynolds numbers (0.1 < Re < 4000) was computed for the laminar
and transitional mode of operation. Furthermore, RANS computations were carried
out up to Re = 10°.

Only one half of the vessel is simulated exploiting the two-fold periodicity of
the solution domain, thus significantly reducing the requirements on computational
power and main memory. The underlying geometry is described by a block-structured
grid with 15 blocks. The region in the vicinity of the impeller is computed in a rotating
frame of reference. The grid points are clustered in this region in order to resolve the
trailing vortices which emerge from the blade tips of the Rushton turbine. The total
number of control volumes is about 2 million. The simulations were carried out based
on FASTEST applying the PVP systems NEC SX-4/5 and Fujitsu VPP 700. More
details on these simulations were reported by Bartels et al. [14, 15].

Newton number predictions

The power consumption P is one of the most important parameters for the
design and scale-up of stirred-tank reactors. A non-dimensional representation of P
is defined by the Newton number Ne = P/(oN3*D?) which for geometrically similar
stirred vessels with a lid only depends on the Reynolds number Re. From experi-
ments [28] it is known that Ne ~ Re~! for steady laminar flow (Re < 10). For the
fully turbulent regime (Re > 10,000), the Newton number Ne remains constant and
independent of Re. Between these two extremes, often close to Re = 200, Ne exhibits
a minimum. '

In the following, Newton numbers calculated over a wide range of Re are
compared with experimental data of Rushton et al. [28] and extremely careful mea-
surements by Rutherford et al. [29] for a similar baffled stirred vessel. The geometries
used in the computation and the experiments differ in one important respect. In the
computation, the thickness of the blades and the disc is infinitely small, whereas in the
experiments by Rutherford et al. [29] Ne was measured for different but finite blade
thicknesses. In the experiments by Rushton et al. [28], the thickness is unknown, but
photographs [28] suggest relatively thick blades. The results of Rutherford et al. [29],
which show that Ne increases with decreasing blade thickness, allow the conclusion
that the Newton numbers reported by Rushton et al. [28] for the Rushton turbine

99



THERMAL SCIENCE: Vol. 5 (2001), No. 1, pp. 47-74

by e R e e e
]
No Rushton (1950)
Rutherford (1996, t/ D = 0.0082) .
Computation (DNS) L]
100 Computation (RANS) o
10
= oo Hin o B
il
0.1 1] 10 100 1000 10000 100000 Re 1e+06

Figure 2. Computed Newton number Ne vs. Reynolds number Re
for the vessel stirred by a Rushton turbine and comparison with
experimental-data by Rushton et al. [28] and Rutherford et al. [29]

may be too high, since even for the blades with the smallest thickness considered in
Rutherford et al. [29] (t/D = 0.0082) the Newton number in the plateau region hardly
exceeds the level of Rushton’s results of Ne = 6. For thicker blades a Newton number
around or below Ne = 5 is found.

The comparison of computed and measured Newton numbers is shown in
Fig. 2 as a log-log plot. For the DNS, the overall agreement with the measurements is
good except for a minimal underprediction of Ne for 10 < Re < 100 and a premature
increase in Ne in the calculation from the minimum around Re = 200 towards a
constant value in the fully turbulent regime. Moreover, the Newton number seems
to level off at a slightly lower value (about 7%) than indicated by experiments of
Rushton et al. but is still above the results of Rutherford et al. Additional RANS
calculations based on the standard k- model capture an almost constant value of
Ne in the range 12,000 < Re < 10°. Nevertheless, the error of the predicted Newton
numbers is higher (about 17% compared with the experiments of Rushton et al. [28])
than in the DNS. This additional error is probably due to deficiencies of the k-e model
used.

Flow field predictions

At Re = 7275 the flow in the vessel is in the turbulent regime. For this
case a DNS was carried out. For comparison the flow was also predicted based on
a RANS simulation with the standard k-e model. The instantaneous as well as the
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Figure 3. Computed velocity vectors in the mid-baffle plane,
Re = 7275; (a) DNS: instantaneous, (b) DNS: time-averaged,
(¢) RANS with k-¢ model

time-averaged flow patterns in the mid-baffle plane for the DNS (averaged over 8.24
revolutions) and the k-e prediction are depicted in Fig. 3 (a)-(c). In all three sub-
figures, the two ring vortices driven by the radially propelled fluid are visible. It is
also obvious that the lower vortex reaches the bottom of the vessel in all cases whereas
the upper ring vortex does not extend up to the lid of the vessel. A closer comparison
of the time-averaged DNS and the k-e model results reveals slight differences: The
position of the two ring vortices is shifted in outward direction for the simulation
with k-¢ model. Whereas the centers for the DNS are at R/T = 0.355/0.37 for the
upper/lower vortex, respectively, the centers are at 0.38 and 0.395 for the k-¢ result.
In the DNS, the upper ring vortex does not extend up to the same height as in the
RANS calculation. In the DNS, the upper limit of the vortexis 0.71 and in the RANS
calculation it is about 0.75.

The flow field in the vicinity of the agitator blades is depicted in Fig. 4. The
flow pattern in the plane of the blades itself does not exhibit any significant difference
of the two approaches. A comparison of the RANS and the DNS results in a plane at
an angle of ¢ = 5° behind the blades (Fig. 4) reveals two important differences: The
vortex roll-up behind the inner part of the blades, forming some kind of recirculation
zone, has a much larger extent in the DNS results compared to the RANS results.
The location of the two “tip” vortices that form at about 5° behind the blades, is also
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(b) RANS with k-¢ model: ¢ = 5°

Figure 4. Impeller flow field at ¢ = 5° behind the blade, direction
and magnitude of the velocity vectors at Re = 7275;
(a) DNS time-averaged, (b) RANS k-¢ prediction

closer to the axis in the DNS. Both -simulations show the distinct upward inclination
of the flow field discharged from the impeller. The instantaneous DNS flow field (not
shown here) depicts a very interesting, wavy flow structure of the radial impeller flow,
indicating a Kelvin-Helmholtz instability. A close comparison of the time-averaged
DNS and RANS results of the discharge flow field shows that the flow pattern of
‘the RANS simulation is a little more wavy than that of the DNS results. The flow
structure predicted by DNS receives strong support by experimental findings [30].
The flow field in a plane at an angle of ¢ = 15° behind the blades (not shown
here) is characterized by the two tip vortices that were already present in the plane
¢ = 5° behind the blades but meanwhile have been transported in radial direction
by the large-scale flow field. It is interesting that the location of the vortices in the
DNS results is now farther away from the axis compared with the RANS results
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Figure 5. Streaklines starting behind a blade of the

Rushton turbine and distribution of the turbulent
kinetic energy, RANS computation

(especially for the lower vortex) indicating that the speed at which the vortices have
been convected outwards is much higher for the DNS. A second interesting difference
is that the vortices in the DNS are much closer to the plane of the disc (despite the
same initial distance in the 5° plane). The radial offset of the two vortices in the
DNS and the smaller distance of the vortices to the plane of the disc is in agreement
with experimental findings. The two tip vortices are dying out at an angle of about
¢ = 35° behind the blade. This result is almost identically produced by the DNS and
the RANS simulation.

The vortical structure behind the impeller blades is more clearly visible in
a4 3-D visualization shown in Fig. 5 for the RANS computation depicting streaklines
with seed positions directly located behind a blade and rotating with the same angular
velocity as the impeller. They reveal the formation of the two trailing vortices behind
the blade, one above and one below the impeller plane. The vortical region is restricted
to a relatively small distance behind the blade. More details of these investigations
and a comparison of the distribution of the turbulent kinetic energy can be found in
Bartels et al. [14,15].

LES of circular cylinder flow
Background and computational configuration

As described above, statistical turbulence models often fail to predict reason-
able results if complex flow phenomena are involved. Therefore, the RANS approach
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scems to be an impasse in the long run. Increasing computer performances led to
increased interest in alternative methods such as LES. The main advantage of LES
compared with RANS can be attributed to the different underlying concept. In LES
the spectrum of turbulent motions is split into the large energy-carrying vortices which
can be resolved by the numerical method applied and all small scale vortices. Their
influence on the large scale motion has to be modeled by an appropriate approach.
However, such subgrid scale models have a much simpler task than RANS models
because only that part of the spectrum has to be taken into account which is assumed
to be more homogencous, isotropic, and independent of the flow problem leading to
straightforward and more generally accepted models.

Bluff body flows are typical examples where RANS modeling generally fails
to predict the flow field reasonably and LES is expected to be a much more suitable
approach. Therefore, the objective is to develop a LES technique which is able to
simulate such flows especially at high Reynolds numbers [4-7,9]. In order to reach
this goal, it is necessary to validate the physical models and the numerical methods
applied by detailed investigations based on well-documented test cases such as the
flow past a circular cylinder. Especially at high Reynolds numbers, the cylinder flow
can be considered as the paradigm of complex flows, because it involves remarkably
complex flow features such as thin separating shear layers, transition and large-scale
vortex motion in the wake. Therefore, successful applications for this test case can
be considered as the admission to real world applications of LES.

First, a low sub-critical Reynolds number of Re = 3900 was chosen. It is
known from experiments that for this Reynolds number, transition takes place in the
free shear layers. Much more challenging is the high-Re case of Re = 140,000 inves-
tigated afterwards. At this Reynolds number the flow is again sub-critical, 7. e. the
flow in the boundary layers is still laminar at the separation point and transition takes
place in the free shear layers. In the wake vortex shedding is observed. Compared
with the low-Re case the boundary layer is about six times thinner (§ ~ 1/v/Re).
Nevertheless, to avoid any kind of wall functions, the boundary layer is resolved by
extremely fine grids in the near-wall region and no-slip boundary conditions are ap-
plied. In the spanwise direction of the cylinder, periodicity of the flow is assumed. At
the inflow plane, constant velocity is imposed [5-7]. A convective boundary condition
is used at the outflow boundary. Various curvilinear, O-type grids are generated for
this investigation with up to 6.76 million control volumes. In all cases the grid points
are clustered in the vicinity of the cylinder wall and in the wake region. More details
of the grids were given by Breuer [5-7,9]. The computations were carried out using
two different PVP systems (NEC SX-4 and Fujitsu VPP 700) and one SMP system
(Hitachi SR 8000-F1).
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Figure 6. Von Karmdn vortex street past a circular cylinder
visualized by streaklines for Re = 3900, flow computed by LES

Unsteady and time-averaged flow field

Figure 6 shows a snapshot of the turbulent von Kdrman vortex street past
the cylinder at Re = 3900 visualized by streaklines. Weightless particles released at
20 different positions on a vertical line in front of the cylinder were integrated during
the flow computation. Of course, the particles do not remain in the one plane. After
transition has taken place in the free shear layers of the cylinder, they are spread out
in the entire integration domain forming a complex three-dimensional flow structure
‘1 the wake. At Re = 3900 the Strouhal number of the vortex shedding frequency
was found to be within the experimental range of St = 0.215 + 0.005 determined by
Cardell [31]. For the high-Re case, St varies around 0.2 for most of the computations
based on different grids and different SGS models applied. This agrees fairly well with
experimentally determined St values in the literature.

In accordance with experimental measurements, the time-averaged flow field
for Re = 3900 consists of a large recirculation region behind the cylinder and two
additional, small separation bubbles attached to the downstream face of the cylinder.
Figure 7 reveals a direct comparison of the streamlines for both sub-critical Reynolds
numbers. In contrast to the low-Re case, no small counter-rotating vortices attached
to the backward side of the cylinder can be observed at high Re. Furthermore, the
recirculation region behind the cylinder is much shorter for Re = 140,000.

Figure 8 shows a zoom of the time-averaged velocity field in the vicinity of
the apex of the cylinder at Re = 140,000. The thin boundary layer is resolved in
this region by about 25 — 30 grid points on the finest grid used. In order to prove
that the boundary layer separates in the laminar mode, one possibility is to consider
the predicted distribution of the turbulent kinetic cnergy k (Fig. 8), which clearly
demonstrates that k is zero up to the apex of the cylinder. Hence, separation takes
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Figure 7. Comparison of the time-averaged

streamlines for the sub-critical flow past a

circular cylinder at two different Reynolds

numbers; upper part: Re = 140,000, lower
part: Re = 3900

place in the laminar mode as experimentally expected for a sub-critical Re forming free
shear layers. An immediate transition to turbulence close to the cylinder is observed
accompanied by a very short recirculation region. Compared with the low-Re case,
transition to turbulence moves farther upstream.

In experimental investigations Cantwell and Coles [32] determined a drag coef-
ficient of Cy = 1.237 at Re = 140,000. However, it is well known that Cy depends not
only on the Reynolds number but on a variety of influencing factors such as the aspect
ratio of the cylinder, the blockage ratio of the cylinder in the wind or water tunnel, or
the end conditions. This typically leads to highly scattered experimental data such
as the data collection of Cantwell and Coles [32] clearly demonstrates. For LES on a
coarse grid, the predicted time-averaged drag coefficients were found to be Cy = 1.218
and 1.239 for the Smagorinsky and the dynamic model, respectively. Grid refinement
leads to a slightly increased value for the Smagorinsky model (Cy; = 1.286), whereas
the drag coefficient for the dynamic model increased to Cy = 1.454. For a more de-
tailed comparison with measurements including profiles of velocity components and
higher-order turbulence statistics, we refer to the thorough studies on numerical and
modeling aspects for the low-Re case [5,9] and the high-Re sub-critical case [6,7,9].

Finally, it is demonstrated that the present methodology also allows to com-
pute the super-critical cylinder flow. For this purpose, Fig. 9 shows the turbulent flow
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Figure 8. Time-averaged flow field past a cylinder at Re = 140,000: zoom of
the boundary layer near apex of the cylinder (left) and contours of turbulent
kinetic energy k (right)

past the cylinder at Re = 10% computed by LES. In contrast to the previous cases
transition now takes place within the attached boundary layer at the cylinder. This
leads to a strongly reduced drag coefficient Cy (factor of about 3) and much smaller
amplitudes of the Cy and C; oscillations. This is visible in the visualization of the flow
field shown in Fig. 9, where the vortex shedding phenomenon completely disappears
in the vicinity of the cylinder. Farther downstream quasi-periodic structures can still
be observed in the far wake. The time-averaged flow field (not shown here) shows
that the separation point is now at Osep = 131° — 137° which is about 40° postponed
compared with the sub-critical case and explains the reduced drag coefficient. In
general, all described features are in close agreement with experimental observations.
The simulations have shown that the LES technique is a powerful tool especially for
complex, statistically unsteady flows and will partially replace RANS predictions in
the future.

Figure 9. Super-critical flow past a circular cylinder visualized by
streaklines for Re = 10°%, flow computed by LES
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LES of an airfoil flow at high-lift conditions
Background and computational configuration

To demonstrate the applicability of LES to practically relevant flows, the next
example is concerned with the turbulent flow around airfoils at high-lift conditions.
Whereas most RANS models fail to predict this kind of flow reasonable, the LES
approach seems to be a promising tool for such highly unsteady flows with large
separation and recirculation regions. The present investigation is directed towards
a configuration experimentally investigated within the COSTWING experiment by
Lerche and Dallmann [33]. An unswept airfoil based on a NACA-4415 profile is
mounted inside a channel (see Fig. 10a). The Reynolds number in the experiment
ranges from Re, = 810! — 8- 10° with 0° < a < 22.5°. A primary objective of
the COSTWING experiment is to serve as a database for the validation of numerical
simulation techniques. In this sense it is used for the present numerical investigation
where the main goals are to study the physics of stalled airfoil flows in detail. Because
experimental measurements are not yet available, this study first concentrates on a
lower Reynolds number (Ree = 20,000) which will be increased systematically in the
ongoing project. The angle of attack is currently fixed to a = 18° where leading-cdge
separation takes place at the airfoil.

The NACA-4415 profile is mounted inside a plane channel of height 3 ¢, where
¢ describes the chord length of the profile. Upstream of the profile the channel has
a length of 2¢, whereas downstream a length of 3¢ is assumed (see Fig. 10a). At
the Ree chosen, no-slip boundary conditions can be applied at the surface of the
profile. In order to save grid points the boundary layers of the channel walls are
not resolved and approximated by slip-conditions (Ju/dy =v = 0w/Jy =0). Owing
to this channel configuration a lot of grid points can be saved because the far-field
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(a) Configuration

Figure 10. (a) Two-dimensional sketch of the geometric configuration
including block boundaries; (b) x-y-plane of the grid (only every fifth
grid line is shown)
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does not have to be resolved. The experiment was especially designed in such a way
that either statistically, two-dimensional or spanwise periodical flow structures can be
expected. Therefore, periodicity in the spanwise direction is assumed and a spanwise
computational domain of depth z,,., = 1.0 - ¢ is chosen. This choice is based on
a detailed investigation for the flow around an inclined flat plate at the same flow
conditions (Breuer & Jovici¢ [18]) demonstrating that this spanwise extension is on
the one hand necessary to assure reliable results and on the other hand represents a
well-balanced compromise between spanwise extension and spanwise resolution. At
the curved inlet section a constant velocity us is prescribed, whereas at the outlet
a convective boundary condition assures that vortices can pass through the outflow
boundary [5].

A curvilinear block-structured grid consisting of 12 blocks with a total of
~8.34 million control volumes (76 CVs in spanwise direction) is applied (see Fig. 10b).
The grid points are clustered in the vicinity of the airfoil and at the trailing edge.
The smallest control volume has an extension of 0.001 ¢ in wall normal and mean flow
direction. Along the lower surface of the profile and the nose region 100 and 60 grid
points are used, respectively. The leeward side, which is the region of main interest
for the present study, is resolved by 200 grid points along the surface. The simulations
were carried out on the SMP system Hitachi SR 8000-F1, applying 12 nodes (= 96
Processors).

Unsteady and time-averaged flow field

Figure 11 depicts the dynamics of the flow past the airfoil by contours of
the vorticity component w.. Quasi-periodic vortex shedding can be observed from
the trailing edge of the profile. The LES results show that the entire flow field is
strongly dominated by the development and shedding behavior of these trailing-edge
vortices. The Strouhal number of the shedding cycle is St = fc/us = 0.636 or
St' = fe-sinajus = 0.197, when scaled with the windward width. Four different
phases (a~d) with a time increment of about 0.56 dimensionless time units are shown
in Fig. 11 representing slightly more than one typical vortex shedding cycle A e
~1.57). During its initial phase (a) this vortex is attached to the trailing edge of the
airfoil while vorticity is accumulated in it being fed by the corresponding shear layer.
The vortex size is continuously increasing (b). After it has reached a certain diameter
(b-c), the vortex is shed and convected downstream, while diffusion of vorticity takes
place (c-d). Then a new shedding cycle begins.

The typical flow structure is also visible in the spanwise and time-averaged
flow field (AT,,, = 80.) shown in Fig. 12. As expected, the flow separates shortly
after the leading edge induced by a strong positive pressure gradient in this region.
It forms a large clockwise rotating recirculation region on the leeward side of the
airfoil. Behind the trailing edge the strong counterclockwise rotating vortex structure
is clearly visible which plays an important role for the dynamics of the entire flow field.
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Figure 11. Vortex shedding cycle past the inclined airfoil at a = 18° and
Re. = 20,000, contours of vorticity w. at four different phases,
AT yete = 157

In a previous study for an inclined plate (Breuer & Jovici¢ [18]), it was shown that a
sufficiently large spanwise extension of the domain is required to guarantee a reliable
simulation. Provided that this condition is fulfilled, the trailing-edge vortex in the
time-averaged flow is located behind the profile (Fig. 12a) or the plate, respectively.
However, if the spanwise extension is too small in the LES calculation or in the
extreme case a two-dimensional configuration is considered, the trailing-edge vortex
resides upon the end of the profile (not shown here). Hence for both configurations
the same behavior is found.

In addition to the strong shear layer developing at the trailing edge, a second
one of weaker strength is generated near the leading edge. The flow separates from the
curved profile forming a free shear layer in which a Kelvin-Helmholtz instability and
‘transition are detected in the instantaneous flow field. Furthermore, fluid circulation
in clockwise direction is observed leading to the large recirculation region on the
leeward side of the airfoil (see Figs. 11 & 12). A nearly constant pressure distribution
is found in the separation region on the leeward side. However, no regular shedding
motion of vortices generated at the leading edge is visible. The size of the attached
clockwise rotating recirculation region is depending on the presence, the size and
the strength of the counterclockwise vortex structure arising at the trailing edge.
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(a) (b)

Figure 12. Streamlines of the time-averaged flow, Re. = 20,000, a = 1855
Zmas = 1.0 - ¢; (a) flow past the NACA-4415 profile, (b) zoom of the nose
region

While the counterclockwise vortex is increasing in size and strength, the region of
clockwise rotating fluid is decreasing. However, after the trailing-edge vortex is shed
and convected downstream, the region of clockwise rotating fluid has enough space to
extend in size until the next trailing-cdge vortex is developing. In contrast to classical
vortex shedding past bluff bodies showing well-established staggered arrangements of
vortices of opposite sign and equal strength, for the airfoil at the present Re. and
« a highly asymmetric wake with vortices of unequal strength is observed. These
observations are in close agreement with experimental findings for an inclined plate
by Lam [34] and Perry & Steiner [35].

Additionally, Fig. 13 depicts the distribution of the total resolved Reynolds
stresses (u'u/, vV, wv') averaged in spanwise direction and time. All quantities
include the periodic and the turbulent fluctuations. In order to separate both com-
ponents, phase-averaging has to be carried out which is associated with several dif-
ficulties due to slightly varying shedding periods and is therefore omitted here. As
expected, the largest values especially of v are found in the vicinity of the trailing
edge mainly caused by the quasi-periodic shedding motion of the trailing-edge vor-
tex. In the entire low-pressure recirculation region the Reynolds stresses are very low

[111[LrE

i
-0.08 -0.05 -0.02 0.00 0.03 0.05 0.08

v'v’ wivd

Figure 13. Distribution of resolved Reynolds stresses, Re. = 20,000, a = 18°
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with the exception of the shear layer region where the Kelvin-Helmholtz instability
is observed. These plots strongly support the finding, that the asymmetric vortex
structure past the inclined airfoil is dominated by the shedding mechanism at the
trailing edge.

Simulations of the flow around an inclined flat plate at the same flow condi-
tions (Breuer & Jovici¢ [18]) indicate very similar flow features as observed for the
airfoil. Owing to the dominance of the trailing-edge vortex, this observation is not
astonishing. In both cases the geometry of the trailing edge is only slightly different
leading to comparable trailing-edge vortices and a similar shedding motion of these
structures. This is also reflected by some integral parameters for both cases given in
Table 1. Almost identical lift and drag coefficients (C}, Cy) are found for the time-
averaged flow. Concerning the fluctuations of the integral values given by standard
deviations (o¢,, ¢, ), slightly larger values are observed for the airfoil. The Strouhal
number of the airfoil is only marginally smaller than for the flat plate (St’ ~ 0.2). This
value is consistent with experimental findings for inclined thin plates which observed
a nearly constant St' & 0.15 for 20° < a < 90° and a strong increase of St’ — 0.2 for
a < 20° (see, e. g., Knisely [36] and the cited refs.).

Table 1. Comparison of important parameters for the

airfoil and the flat plate

Configuration liay Cu ac, ooy, St St

NACA-4415-Airfoil | 1.118 | 0.391 | 9.4-107% | 2.4-1072 | 0.636 | 0.197

Flat Plate 151235440, STOM NG NL TSN W22 4 1052501660 1801204

Fluid-structure interaction for a civil
engineering application

The interaction of fluid and structure plays an important role in civil engi-
neering. Besides bridges, towers or in general tall buildings also lightweight mem-
brane structures (e. g. roofage, awning, tent roof) are typical examples which are
exposed to loads by wind or wind gusts. To determine exact wind loads on such
structures, semi-empirical methods or wind tunnel investigations can be used which
are typically quite expensive and time-consuming. While numerical simulations are
established in structural engineering as well as in fluid mechanics, only a few ap-
proaches exist for simulating coupled fluid-structure interactions in civil engineering.
For that reason, a partitioned solution approach for the coupled problem is currently
investigated [16] combining well-established and independently developed codes for
Computational Structure Dynamics and CFD. The computation of the tensions and
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Figure 14. Tent structure in front of an
office building

distortions in membrane structures such as textile roofs are based on an unstruc-
tured finite-element code (ASE), where the simulation of the flow is based on the
CFD code FASTEST explained above. The bilateral data exchange between both
codes including the interpolation from the unstructured finite-element to the block-
structured finite-volume grid and vice versa is managed by the MpCCI coupling in-
terface [37] which internally utilizes the MPI library. Both codes run on their own
node or number of nodes of the high-performance SMP cluster (Hitachi SR 8000-F1)
after being spawned by a main process. The computational effort for the CFD part
is generally much higher than for the CSD prediction. The pressure and the shear
stress distribution on the tent structure obtained by the flow prediction are input
data for the structure simulation, that provides the resulting displacement vector for
the surface of the tent and the tensions inside the material. Based on the deformation
of the structure, the CFD grid has to be adapted and in such a way a global iteration
procedure is established typically leading to a globally converged deformation state
within each time step after a few global iterations (e. g. 2-4).

Figure 14 shows an example for a textile canopy in front of an office building
[16] recently constructed in Germany. The first test case was a RANS simulation of a
time-independent load of the structure by wind blowing in positive x-direction with a
strength of 11 on the Beaufort scale ten meters above the ground, which corresponds
to a velocity of s = 30 m/s. An asymptotic behavior of the calculated wind load
and displacement was found for this configuration during the global iterations leading -
to a steady deformation state, so that no time-dependent calculations were necessary.
The final results for the pressure distribution on the upper side of the tent roof and
the displacements in z-direction are also depicted in Fig. 15.

As a next example the superposition of a constant basic wind flow and a
time-dependent wind gust was taken into consideration to realize an unsteady fluid-
structure interaction [17]. The basic flow was assumed to be parallel to the ground in
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~ Figure 15. Computed pressure distribution on the upper side of the tent
roof in Pa relative to atmospheric pressure (left), and computed
displacements in z-direction in m (right) for a time-constant wind load

positive x-direction with us, = 10 m/s in a height of 10 m above the ground. A wind
gust was superimposed, which followed a Gaussian curve in time as well as in space:

2

W (z,t) = Winax e 0:5(t=tm)* ,—=0.005(z~zum) ’ (1)

with z,,, = —12 m and ¢, = 3 s. The vector of the inflow velocity is depicted in

Fig. 16.
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Figure 16. Illustration of the inflow velocity at time
t = tm = 3 s with velocity reference vector (to scale)

Figure 17 shows a sample of two states of the flow field as well as the struc-
tural deformations at two time instants. The grey scales on the walls represent the
fluid velocity magnitude near the walls, while the shading of the membrane embodies
its deformation. The largest deformation occured at the maximum of the wind gust
at t =3 s. A vertical displacement of Az,.x = 0.3 m is observed approximately in
the middle of the tent. Some of the surface points were moving upwards and others
downwards during the impact of the gust. A few of them also showed a noticeable
overshoot and subsequent small oscillations, before they reached the steady deforma-
tion state — which corresponds to the constant basic flow without superimposed wind
gust — again.
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Figure 17. Velocity distributions displayed near the horizontal wall
(ground) and the vertical wall (office building behind the membranous
roof) and displacements displayed on the roof surface at two different time

steps: t1 = 2.0 s (left), t> = 3.0 s (right)

The mid-term objective of this investigation is to extend the flow prediction
to LES and the structural simulation to three-dimensional finite elements.

CONCLUSIONS

Technological progress in one field typically has a strong impact on many
other fields promoting developments which are otherwise not possible. This is espe-
cially true in the case of CFD and high-performance computers. Increased hardware
performance combined with concurrent development of enhanced numerical methods
triggered different fields of CFD, especially turbulence simulation. The present work
has demonstrated that advanced techniques such as LES and DNS are suitable alter-
natives to the classical approach based on RANS with statistical models. Even for
practically relevant complex turbulent flows, these approaches will at least partially
replace RANS predictions in the near future. However, it should be clearly empha-
sized that these techniques should not be applied in zeal without knowledge to all kind
of flow problems. However, if highly unsteady flows are dominated by complex flow
phenomena such as separation, reattachment, transition or large-scale vortex motion,
LES and DNS are often better suited than RANS. Despite the Reynolds number lim-
itation of DNS, it is an extremely useful tool to study turbulent flows in detail. As
shown in the present paper, these investigations are not restricted to simple geome-
tries but can also be used in complex configurations. LES is in principle not limited
in the Reynolds number range. Based on the circular cylinder and the airfoil flow,
it was demonstrated that LES is able to predict complex turbulent flows at high Re
with satisfactory accuracy. Finally, it was shown, how the development in different
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disciplines can be casily combined to solve coupled problems such as fluid-structure
interactions. The solution of coupled problems will be of increasing interest in the
near future. Besides fluid-structure interaction, aero-acoustics is a highly exciting
field of application for the techniques described.
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