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Preface
W. Rodi; M. Mulas
These proceedings contain the papers presented at the ERCOFTAC International Symposium on Engineering Turbulence Modelling and Measurements - ETMM6 - held at Villasimius, Sardinia, Italy, in the period May 23-25, 2005. The symposium followed the previous five conferences on the topic of engineering turbulence modelling and measurements held in Dubrovnik, Yugoslavia, in 1990, Florence, Italy, in 1993, Crete, Greece, in 1996, Corsica, France, in 1999 and Mallorca, Spain, in 2002, but was held for the first time under the aegis of ERCOFTAC (European Research Community on Flow, Turbulence and Combustion). The proceedings of the previous conferences were also published by Elsevier.
The purpose of this series of symposia is to provide a forum for presenting and discussing new developments in the area of turbulence modelling and measurements, with particular emphasis on engineering-related problems. Turbulence is still one of the key issues in tackling engineering flow problems. As powerful computers and accurate numerical methods are now available for solving the flow equations, and since engineering applications nearly always involve turbulence effects, the reliability of CFD analysis depends more and more on the performance of the turbulence models. Successful simulation of turbulence requires the understanding of the complex physical phenomena involved and suitable models for describing the turbulent momentum, heat and mass transfer. For the understanding of turbulence phenomena, experiments are indispensable, but they are equally important for providing data for the development and testing of turbulence models and hence for CFD software validation. Recently, Direct Numerical Simulations have become an important tool for providing supplementary detailed data.
Research in the area of turbulence modelling and measurements continues to be very active worldwide, and altogether 277 abstracts were submitted to the symposium and experts in the field screened the 269 abstracts that arrived in time. 134 abstracts were accepted and 112 final papers were received and each reviewed by two experts. In the end, 90 papers were accepted, and most of these underwent some final revision before they were included in these proceedings. The papers were conveniently grouped in the following sections:
- Turbulence modelling
- Direct and large-eddy simulations
- Hybrid LES/RANS simulations
- Application of turbulence models
- Experimental techniques and studies
- Transition
- Turbulence control
- Aerodynamics flows
- Aero-Acoustics
- Turbomachinery flows
- Heat and mass transfer
- Combustion systems
- Two-phase flows
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Rapid Techniques for Measuring and Modeling Turbulent Flows in Complex Geometries
G. Iaccarino; C.J. Elkins    Department of Mechanical Engineering, Stanford University, Stanford CA 94305

ABSTRACT
An approach to measure and model turbulent flows in complex configurations is presented. It is based on the synergistic use of two novel techniques: the experiments are based on magnetic resonance velocimetry, which allows the collection of a large three-dimensional volume of three-component velocity measurements in a short period of time. The numerical predictions are based on the immersed boundary technique that enables simulations to be carried out on Cartesian grids even for realistic, industrial configurations. Computer models of realistic geometries are used without modification in the simulations, and they are accurately reproduced for the experiments using rapid prototyping manufacturing. These two techniques enable analysis of flow systems in great detail by quickly providing a wealth of experimental and numerical data. Moreover, direct comparison between these datasets gives indications of the uncertainties in the data from both methods. Results are presented for the flow in a pipe and in a rib-roughened serpentine. In addition, preliminary measurements and simulations of the flow around a coral reef are included.
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INTRODUCTION
The analysis of the turbulent flow in complex, industrial configurations is of great importance for improving the design and the performance of a wide variety of engineering devices.
Traditionally, such analysis is based on an experimental investigation that involves the construction of the device (typically in a reduced scale) and the direct measure of a few performance parameters. The detailed instrumentation of an industrial device can be extremely time-consuming and expensive. It is common to use only few probes for measuring pressure, flow rates, temperature, etc. and, as a consequence, their position plays a critical role in the significance of the collected data. Although these data yield valuable information, they do not provide enough information to identify areas of separation or other problematic regions that can cause performance reduction.
Several methodologies are available to collect more detailed measurements in flows. Laser Doppler anemometry (LDA) and Particle Image Velocimetry (PIV) (Stanislas Kompenhans and Westerweel, 2000) are two non-invasive techniques. While LDA provides pointwise velocity measurements, PIV provides instantaneous two-dimensional velocity fields, and stereoscopic PIV provides three-component velocities in two-dimensional planes. All of these measurement techniques require optical access in the studied device and this limits their applications to simpler geometries. In addition, these measurements may be available only in selected positions or planes. In many realistic geometries, full coverage of the flow domain by LDA or PIV may be impossible or extremely time consuming.
Recently, a technique has been implemented in modern Magnetic Resonance Imaging (MRI) scanners to measure three-component velocity fields in three-dimensional complex geometries. This technique is called Magnetic Resonance Velocimetry (MRV). The method is based on the same principles used in MRI, now routinely employed in medical imaging. MRV is becoming popular in the study of blood flow in vascular medicine, and it has applications in the study of engineering flows as well. The typical fluid used in MRV experiments contains water since medical MRI scanners measure radio frequency signals from excited hydrogen nuclei in the presence of strong magnetic fields. More detailed discussion of MRV can be found in Elkins et al. (2003) and Markl et al. (2003).
One advantage of MRV is that it provides detailed three-dimensional data very quickly; a typical scan of a volume of size 32 × 200 × 200 mm with a resolution of about 1 mm can be obtained in less than 30 minutes. Another major advantage of MRV is its ability to measure data in complex geometries without the need for optical access. Flow models are typically fabricated using rapid prototyping manufacturing processes (i.e. stereo-lithography). There are several well-documented drawbacks to the MRV technique including signal dephasing due to turbulence and spatial misregistration due to strong accelerations in the flow. In addition, MRV provides only mean velocity measurements and knowledge of turbulence quantities can be important. These shortcomings are being investigated by the authors in an effort to improve MRV.
The other existing approach to study and design engineering systems is Computational Fluid Dynamics (CFD). Numerical flow simulations have become a common tool and several software tools are available in the industrial community. CFD calculations are carried out in two steps: the first is the geometry acquisition and mesh generation, and the second is the actual flow simulation. The geometry acquisition requires the transfer of a configuration, typically generated in a Computer-Aided-Design (CAD) environment, into a CFD mesh generation system. This process is very time consuming as the operating principles (geometry definition, tolerances, etc.) of the two software environments can be quite different. Once a watertight definition of the device to be studied is available in the mesh generator, the air-solid has to be defined. The air-solid represents the volume that is effectively occupied by the fluid (typically it is just the negative of the real device). A computational grid, i.e. a collection of small Computational Volumes (CV) covering the entire air-solid, is then generated in a semi-automatic way. Control on the resolution and the quality - the size and shape of the CVs, respectively – of the grid requires substantial user-intervention and might be very time-consuming. Once a grid is available, the solution of the equations governing the flow can be carried out.
For complex applications, the use of CFD is still challenging as the first phase of the process described above can be quite difficult and time consuming. Techniques that simplify and automate the grid generation have great potential in sustaining the widespread use of CFD. The Immersed Boundary (IB) method eliminates the need for the construction of the air-solid thus simplifying substantially both the geometry acquisition and the mesh generation phases. The IB method (Mittal and Iaccarino, 2005) uses a mesh that covers the entire computational domain (typically a large box) without the device of interest; the effect of this on the flow is then accounted for by modifying the governing equations through source terms that mimic the presence of the solid boundaries. Cartesian mesh techniques were introduced for fluid flow simulation in the 70s (Peskin, 1972) but only recently have been applied to complex, industrial flows and in the turbulent regime (Iaccarino and Verzicco, 2003).
The availability of the MRV and IB techniques to study turbulent flows in realistic configurations creates an opportunity for a new paradigm in engineering design as measurements and simulations can be used together. The combined MRV-IB approach provides a wealth of information for the designer at a resolution that is well above what is usually available. The data are typically complementary as the two techniques have different strengths and weaknesses but provide enough overlap to create confidence in the results.
In this paper some applications of the MRV-IB approach are presented with the objective of illustrating the advantages of the techniques. Comparisons of the results obtained using the two methods to more conventional PIV measurements are presented to evaluate their accuracy. As the two techniques are relatively new, further research is currently ongoing to fully evaluate their capabilities; this aspect is discussed at the end of the paper.
MEASURING TECHNIQUE: MAGNETIC RESONANCE VELOCIMETRY
MRV is a non-invasive experimental method for measuring mean velocities using modern medical Magnetic Resonance Imaging (MRI) systems. All of the measurements presented in this paper were made using a 1.5 T GE Signa CV/I system (Gmax = 40mT/m, rise time = 268 microsecs). For a discussion of the principles of MRI, the reader is referred to Stark and Bradley (1999), von Schultess and Hennig (1998), and Haacke et al. (1999). In addition, a brief discussion of MRV principles is found in Elkins et al. (2003) where the MRV technique is described in detail.
Most MRI systems image hydrogen protons which are abundant in the fluids and tissues in living things. Protons have magnetic moments (spins) that align with the direction of a strong magnetic field. If knocked out of alignment with the external magnetic field, the spins will relax back into alignment and precess about the field direction with a frequency proportional to the strength of the magnetic field. Hence, when a spatial magnetic field gradient is applied to create a continuously varying magnetic field, the spins along the direction of the gradient have different precession frequencies. This principle can be exploited to image an object. In imaging, the spins are knocked out of alignment with a strong, constant field. Then a magnetic field gradient is applied. As the spins relax back into alignment with the constant field, they broadcast RF signals, each with its own precession frequency dependent on its position in the gradient. The signals are measured with an RF coil, and the output from the coil is the combination of the signals from all of the spins. The inverse FFT of this signal is used to calculate the density and position of the spins, which is represented by the MR image of the object. Magnetic field gradients can be applied in all three dimensions to produce three-dimensional images. The MRV sequence is based on phase-contrast MRI in which velocity is encoded in the phase of the emitted RF signal. Here, too, the inverse FFT is used to convert the sampled RF signals into an object image and velocity fields.
Water doped with a gadolinium contrast agent is used for the MRV experiments. The flow models and flow loops must be MR compatible and contain no metal. Rapid prototyping materials are typically plastic and, therefore, well suited for MR experiments. In addition, steady flow centrifugal pumps driven by induction motors are also MR compatible and can be used inside the magnet room if placed several meters from the magnet. MRV is possible in opaque models and opaque fluids although the allowance for some visual inspection is recommended in order to purge bubbles from the model.
For measurements made in large flow models or passages, MRV measurements are typically carried out using two successive scans, corresponding to flow on and flow off conditions, respectively. There are inherent asymmetries and imperfections in the magnetic field in the magnet bore. The subtraction of the flow off scan from the flow on scan helps correct for errors related to these imperfections, eddy currents and other sources of off-resonance effects.
A procedure to measure time-dependent flows using MRV has also been developed (Markl et al, 2003). In this case scans are phase locked to an appropriate trigger signal (an ECG signal for physiologic scans). For turbulent flows the collection of successive datasets allows more accurate mean velocity information; typically, if there is time, 3 to 10 dataset are collected and averaged.
MODELING TECHNIQUE: IMMERSED BOUNDARY APPROACH
The Immersed Boundary approach belongs to the family of Cartesian methods. An underlying regular grid is used and modifications to the algorithm or to the governing equations are introduced to represent boundaries that are not aligned with grid lines. There are several variants of the IB methods (Mittal and Iaccarino, 2005); the main differences are related to the way the no-slip wall conditions are enforced. In the present approach, an interpolation scheme is applied to enforce the boundary condition off the wall in the first computational cell. A least squares approach is used.
The method is based on the solution of the Reynolds-Averaged Navier-Stokes (RANS) equations using a finite-volume second-order discretization. Turbulence is modeled using a linear eddy viscosity approach based on the two-equation k-g model (Iaccarino et al., 2003). This model has been specifically developed for use with the IB approach, and it does not require the computation of the wall distance or the use of complex boundary conditions at solid walls. Other models have been implemented in the present solver, but only results with the k-g models are included here (Iaccarino and Verzicco, 2003). Another remarkable aspect of the present solver is its ability to handle locally refined grids with hanging nodes.
An important component of the IB approach is the grid generator. As discussed, the starting point is an STL model of the configuration of interest (an unconnected triangulation generated in a CAD environment). Initially, a uniform Cartesian mesh is generated with a resolution corresponding to the bulk resolution required by the user away from the solid walls. In the second phase, this grid is refined in the vicinity of the IB until a user-specified mesh spacing is reached everywhere on the immersed boundary. The grid refinement is based on the localization of the STL triangles on the grid. This is accomplished using a ray tracing technique. The cells are split in each Cartesian direction separately with the objective to minimize the distance between the cell center and the closest STL triangle. The resulting grid has strong non-isotropy in the regions where the IB is aligned with the Cartesian directions with obvious savings in terms of overall mesh size. Once the required resolution is reached, a final ray-tracing step is carried out to separate the computational cells in fluid, solid and interface cells. The interface cells are cut by the STL surface and have their cell center laying in the fluid part. Note that this distinction is only meaningful when the original STL file is the representation of a watertight surface. Finally, for the interface cells, the coefficients of the least-square interpolation are pre-computed and stored.
For typical applications the mesh is generated in a few minutes for a few million grid cells. The flow solution is then carried out on this grid, and given the high quality of the mesh (all the cells are hexahedral) the convergence to steady state is typically very good.
Several applications of the present approach to a number of problems have been published in the literature (Iaccarino and Verzicco, 2003; Mittal and Iaccarino, 2005; Moreau et al, 2004).
APPLICATIONS
Three problems are presented to show the predictive capabilities of the MRV and IB approaches. The first one is a simple, canonical flow, whereas the other two introduce substantial geometrical complexity.
Flow in a pipe
The fully developed, turbulent flow in a pipe is considered. This problem has been used to evaluate the accuracy of MRV in comparison with data collected using laser Doppler anemometry. Flow in a straight, rigid pipe with a 19 mm inner diameter is imaged. The Reynolds number is Re = 6,400 (based on the bulk velocity). The imaging volume with its dimensions is shown in Fig. 1.
[image: f01-01-9780080445441]Figure 1 Pipe flow imaging field of view (left) and immersed boundary grid (right)

A long inflow tube is used to ensure that the flow is fully developed as it enters in the measurement areas. A total of 256 × 32 × 256 measurement points were collected. Three complete datasets were acquired in 26 minutes; the final results are averaged to reduce the errors. Three velocity profiles have been measured at different locations inside the pipe, and the comparisons to LDA show reasonable agreement (Elkins et al, 2003).
Simulations have been carried out on the same geometrical model. Periodicity is enforced in the streamwise direction and the flow rate is specified. A view of the computational grid in a cross section of the pipe is reported in Fig. 1. The grid consists of 300,000 cells with a wall-normal resolution at the boundary of 0.1 mm; it was generated in less than a minute on a SGI workstation. Calculations were carried out using the k-g turbulence model and steady-state was achieved after ~500 iterations in ~25 minutes.
The comparisons of the velocity profiles as a function of the radius are reported in Fig. 2. Three sets of MRV data are reported at different streamwise locations (numerical results show negligible variability in the streamwise direction and only one profile is shown). The overall agreement is within 6%.
[image: f01-02-9780080445441]Figure 2 Mean velocity profile for the flow in the pipe

Flow serpentine with oblique ribs
The second example is the flow in a serpentine duct; this configuration is typical of the cooling flow passages within turbine blades. A sketch of the geometry is reported in Fig. 3.
[image: f01-03-9780080445441]Figure 3 Ribbed serpentine model.

The model was drawn in SolidWorks and fabricated using a stereo-lithography machine. The serpentine has a square cross section height of H = 20 mm and ten staggered oblique ribs on the top and bottom walls. The rib height is 0.1H and the pitch (distance between two successive ribs) is 0.6H; the rib angle is 45 degrees. In the experiment, fully developed pipe flow enters the first leg of the serpentine through a converging section yielding a uniform velocity profile. The flow is investigated for a Reynolds number of Re = 10,000, based on the passage height and the bulk velocity.
A total of 36 × 256 × 256 measurement points were collected (corresponding to a resolution of 36 × 280 × 280 mm). Six complete datasets were acquired in 27 minutes; the final results are averaged to reduce the errors.
The simulations have been performed using the same geometrical definition of the serpentine. A series of locally refined grids with successively increased resolution was generated; only results obtained on a grid with 3 million grid points are reported here. Two cross sections of the computational mesh are reported in Fig. 4; the resolution at solid walls is 0.005 mm (H/400) and in the bulk of the duct is ~0.1 mm. The mesh was generated automatically in about two minutes. Steady state flow calculations were carried out assuming a uniform velocity profile at the inflow in accordance with experimental observations. The calculations required about 3 hours of CPU time on an SGI workstation.
[image: f01-04-9780080445441]Figure 4 Horizontal and vertical cross-sections of the immersed boundary grid for the ribbed serpentine model.

An additional set of experimental measurements was collected using PIV to identify the overall quality of both MRV and IB data. Visual access was available in the area corresponding to the first U-bend in a plane located at mid-height of the duct. The comparison is shown in Fig. 5; the overall agreement is remarkable, given the complexity and three-dimensionality of the flow at this location. The flow approaches the bend at an angle of about 45 degrees (somewhat lower according to the MRV data) and a large separation occurs as it leaves the bend. Comparing to the PIV dataset which is the most reliable, it is evident that both the MRV and IB results are capturing the separation correctly in terms of size and the overall speed and direction with reasonable accuracy. It is also interesting that the IB method appears to be inaccurate in predicting the flow direction after the bend whereas the MRV shows a discrepancy in the flow upstream of the bend.
[image: f01-05-9780080445441]Figure 5 Comparison of MRV, IB and PIV in-plane velocity vectors in the U-bend (region 1 in Fig. 3). PIV: open arrows; MRV: filled arrows; IB: hollow arrows.

The flow downstream of the bend is characterized by strong turbulence non-equilibrium but otherwise low levels of turbulence intensity (Iacovides and Raisee, 1999). This situation poses a challenge to linear eddy viscosity models, and it is likely that only a Reynolds-stress model would provide better predictions in this area. On the other hand, the flow in the region approaching the bend is dominated by two strong streamwise vortices (generated by the presence of the oblique ribs) and very high levels of turbulence. In this case, uncertainty in the MRV data associated with strong turbulence and flow acceleration is the likely cause of the differences with respect to the PIV measurements.
Two additional sets of comparisons of MRV and IB results are reported in Fig. 6 and 7. In Fig. 6, a plane at rib mid-height is reported to show the level of detail that the two techniques are providing; note that the MRV resolution is ~1.1 mm and the IB resolution is ~0.1 mm. In Fig. 7, the streamwise velocity in two planes (upstream and downstream of the first U-bend) is reported. The flow approaching the bend is characterized by high speed toward the inner part of the bend and a characteristic reverse C shape; this is a result of the two strong counter-rotating streamwise vortices present in the duct. The flow leaving the bend, on the other hand, is substantially more uniform although the peak velocity is located off the center towards the outer part of the bend. This is a consequence of the presence of massive separation on the inner side of the bend (as illustrated in Fig. 5). The overall agreement between MRV and IB is remarkable in spite of the limitations observed above.
[image: f01-06-9780080445441]Figure 6 Comparison of MRV and IB velocity magnitude in the plane at rib mid-height.
Top: IB simulations; bottom: MRV measurements.

[image: f01-07-9780080445441]Figure 7 Comparison of MRV and IB velocity magnitude in before (left, region 2 in Fig. 3) and after the U-bend (right, region 3 in Fig. 3). Top: IB simulations; bottom: MRV measurements.

A more complete set of comparisons between the MRV and IB results is reported in Iaccarino et al. 2003.
Flow around a coral colony
The final example is the flow around a coral. The study is motivated by the observation that hydrodynamics directly affects coral growth, energetics, and health (Chang et al, 2004). Understanding the flow in scales important to the coral proves difficult because of the complex geometry and the turbulent structures resulting from the interaction between the geometry and the water motion. In order to analyze such interactions using the MRV and IB methods, first a computer model of the geometry of a real coral skeleton was created. A coral skeleton has been digitized using computed tomography (CT) and converted into an STL file using a software package called Mimics (Materialise NV). This CAD model was then used to rapid-prototype a scaled-down version of the original coral; the model height is 12 cm).
In Fig. 8 the original skeleton and the model are shown. The model is placed inside a channel designed to fit into the MR scanner; its main dimensions are 19 cm × 17 cm. In Fig. 9 the experimental set-up with the coral mounted in the test section is shown. The average streamwise velocity is 5.2 cm/sec corresponding to a Reynolds number (based on the coral height) of 8,000. Preliminary measurements have been carried out but only one set of MRV data has been collected so far.
[image: f01-08-9780080445441]Figure 8 Coral skeleton (left) and rapid prototyped model (right).

[image: f01-09-9780080445441]Figure 9 Coral experimental set-up

In Fig. 10, the MRV streamwise velocities are presented. Flow off, flow on and the actual velocity data (flow-off subtracted out of the flow-on measurements) are reported.
[image: f01-10-9780080445441]Figure 10 MRV measurements at 1/3 coral height. The images are scans for flow-off (left), flow on (center) and the flow off subtracted from the flow on respectively (right). Flow is from bottom to top. The color gradation is an indication of streamwise velocity (mm/s).

Wakes corresponding to the single branches and the overall low-speed area downstream of the coral are clearly shown; the lack of side-to-side symmetry is an indication of the complex, three-dimensional structure of the flow. An unexpected low speed region fairly far upstream of the coral is observed in Fig. 10. This is likely due to slight differences between the flow on and flow off scans, and the MRV scans are being repeated to eliminate these errors. Initial measurements of the volumetric flow rate at different streamwise sections show substantial discrepancy (more than 10%), especially in the regions downstream of the coral. This error has not been observed in previous results. Current work is devoted to the determination of the causes of the lack of strict mass conservation in the coral flow.
The IB method is used to perform simulations in the same configuration. A preliminary, coarse computational grid was generated. It consists of 1 million grid cells with a resolution of 0.05 cm and 0.5 cm close to the coral and in the wake, respectively. Two cross sections of the mesh are reported in Fig. 10. This mesh was generated in less than a minute on a SGI workstation. Steady state calculations were carried out Reynolds numbers ranging from 5,000 to 50,000.
[image: f01-11-9780080445441]Figure 11 Immersed boundary grid for the coral. View of a plane in the streamwise direction (left) and plane across the coral 1/3 of the height (right).

Given the somewhat low Reynolds numbers, the calculations are carried out with and without the turbulence model. The latter in particular, show strong unsteadiness and appear to be more consistent with the experimental observations. In Fig. 12 a horizontal plane at 1/3 of the coral height is shown to illustrate the flow structure in the streamwise direction. As expected, we observe the presence of small branch-wakes within the overall coral wake. More interestingly, pockets of high speed are present between the branches; this can potentially have a strong effect on mass transfer (in this case nutrient transport from the water to the coral) and will be analyzed in detail when more reliable MRV measurements are available.
[image: f01-12-9780080445441]Figure 12 IB predictions at 1/3 coral height. Streamwise velocity. Flow is from left to right. The grey scale gradation is an indication of streamwise velocity (m/s). Top: MRV data; middle: a snapshot of an unsteady laminar IB solution; bottom: steady state turbulent IB solution. Right column represents the same data reported in the left column without the geometry.

CONCLUSIONS AND PERSPECTIVES
The use of a combined experimental and computational approach has been illustrated; the measurements are based on magnetic resonance velocimetry and the numerical simulations on the immersed boundary approach. Although relatively new, both methods appear very promising, and when combined together, offer potential for several innovative applications in the study of engineering turbulent flows. Three applications have been presented: the flow in a simple straight pipe, the flow in a complex three-legged rib-roughened serpentine and the flow around a coral. The results have been compared to “conventional” measurements obtained using PIV with satisfactory accuracy. In particular, it has been shown that the wealth of information provided by MRV allows the identification of specific areas of inadequacy of simple eddy-viscosity models used in the simulations.
Three major areas of application of the MRV-IB approach are envisioned: 1) validation and verification of computational tools, 2) design optimization and 3) reverse engineering.
The validation of computational, predictive tools remains one of the pacing items in the use of computer-aided engineering. Common practice is to perform preliminary studies on configurations that are somewhat simpler than the application of interest and for which experimental information is available. This step is necessary in building credibility in the numerical tools, but, certainly, it is not a sufficient warranty of reliability in the real-world scenario. The ability of both IB and MRV techniques to use computer designed and rapid-prototyped models, respectively, allows for a testing mockup consistent with the device of interest and to generate data that can afterward be used to closely verify specific numerical tools or assumptions.
The second area of interest is design optimization. For this problem, experiments are too expensive and time consuming and, therefore, CFD methods are the tools of choice. Conventional body-fitted CFD approaches have inherent difficulties in handling families of geometry which present large geometrical variability or have some parameters that can vary discontinuously: as an example, high-lift airfoil optimization when the number of components can be changed. The IB method represents an obvious solution for shape optimization problem from a geometrical modeling point of view. However, as discussed above, the accuracy of numerical predictions should be always verified, especially when, during an optimization procedure, unusual configurations arise. For this problem, MRV could be used as a posteriori tool that allows the investigation of a few selected configurations in more detail. By comparing MRV and IB, it is also possible to evaluate if certain configurations have been selected or discarded for the wrong reasons, i.e. due to inaccuracies in the modeling and not to lower figures of merit.
The last application of the MRV-IB approach is in reverse engineering. In the third example showed in the paper, the flow around the coral, the starting point is a “device” which has certain features whose function requires further investigation. In the example presented, the construction of the RP model is based on a three-dimensional scanning of an existing coral skeleton. Once a digital representation (CAD model) is available, a rapid prototyping manufacturing process can be used to build a physical model, and the same CAD representation can be used to perform the simulations.
The MRV and IB approaches are promising techniques to study flows in complex geometries. However, further work is required to fully establish their level of accuracy. Current research in MRV is related to improving the mean velocity measurements in turbulent flows and extending MRV capabilities to measure turbulent quantities (Saetran and Elkins, 2004). Another area that has received attention, although not discussed in this paper, is the use of MRV for unsteady, periodic flows (Markl et al. 2003). Current research on the numerical side has focused on the development of wall models for accurately predicting boundary layers on immersed boundaries not aligned with grid lines (Kalitzin et al. 2004). In addition, work is in progress to extend the approach for simulating conjugate heat transfer. In this case, the IB provides another direct advantage over body-fitted approaches, as the mesh within solid bodies, is automatically available. Initial results are very promising (Moreau et al. 2004).
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ABSTRACT
In this paper we will consider recent advances in the simulation of moderately high Reynolds number flows in complex geometric configurations. Although modern computers are experiencing an unprecedented growth in computing power, the numerical simulation of the above flows is still challenging owing to the handling of complex geometries and turbulence modeling that are the classical bottlenecks for the application of computational fluid dynamics (CFD) to industrially relevant problems. In this respect the immersed boundary (IB) method has shown to be a valid alternative for the treatment of complex geometries although additional issues must be addressed. This paper aims at describing the main techniques, showing some illustrative examples and discussing the main drawbacks and possible solutions.
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INTRODUCTION
In computational fluid dynamics a lot of effort is made to simulate high Reynolds number flows with the aim of understanding the dynamics of turbulence that affects countless aspects of our everyday life. This is usually done by considering simple model problems prescribed in trivial geometries since this brings to a straightforward domain discretization into a regular grid and to accurate and efficient numerical algorithms. On the other hand when a flow is bounded by a complex geometry the computation becomes more involved and less efficient. This is due to the computational overhead introduced by the body fitted mesh which leads to a trade–off between high Reynolds numbers and geometrical complexity. In fact, the generation of a body–fitted mesh requires that starting from some geometrical description of the body, a surface grid is first produced and this is used as a boundary condition for a volume grid covering the domain of interest. Although several techniques are available for the mesh generation (structured or unstructured grids) some common features are that on the regularity properties of the grid (like skewness, aspect ratio and size distribution of the cells) depend the quality of the flow solution. It must be noted, in addition, that the use of curvilinear grids introduces a significant overhead in the per–node operation count and that the generation of a grid fitted to a complex three–dimensional object requires a highly trained operator for a number of hours that can easily exceed the time needed to obtain the flow solution.
Unfortunately the majority of flows encountered in practical applications involve complex geometric configurations whose adequate treatment is one of the main obstacles for the application of CFD as a standard design tool. Within this scenario the advantages of a method capable of simulating flows in complex geometries using simple non–body–conformal meshes are evident and this consideration is the main motivation for the immersed boundary method.
Since the seminal work by Peskin (1972) (and a less notorious one by Vieceli, 1969) numerical simulations of flows inside or around complex geometric configurations without resorting to curvilinear body conformal grids have become feasible and a valid alternative to standard methods. The original procedure consisted of approximating the boundary of the immersed body by a sequence of elastic fibers whose endpoints were tracked in a Lagrangian way according to the fluid velocity computed on a Cartesian grid. Given the stiffness of each element it is possible to compute the force locally exchanged between fluid and boundary and therefore the forcing term to apply to the momentum equation for the fluid. This procedure was successfully employed for the simulation of heart beating of mammals (Peskin & McQueen, 1989) and, more in general, to the flow around deformable bodies (Zhu & Peskin, 2003). The same method could be extended to flow/rigid body interactions by making the boundary elements stiffer. This extension, however, introduced additional problems like the appropriate choice of the elastic properties of the elements that, when too soft, yield anyway a deformable boundary, when too rigid, make the system of equations stiff.
Since the original papers several amendments have been proposed with the aim of improving the stability and the applicability of the immersed boundary method. These improvements range from the forcing of the governing equations (Goldstein, Handler & Sirovich 1993, Saiki & Biringen 1996, Mohd–Yusof 1997, Fadlun et al. 2000, Kim, Kim & Choi 2001) to the spatial distribution of the forcing (Peskin 1972, Beyer & Leveque 1992, Lai & Peskin 2000). Detailed descriptions of the different techniques are given in Iaccarino & Verzicco (2003) and Mittal & Iaccarino (2005) here is suffices to note that most of the techniques lead to a spatial second–order–accurate solution.
An important drawback of the immersed boundary method is that, as the Reynolds number increases it becomes more difficult to fulfill the near–wall resolution requirements. In fact, while using a body conformal grid it is relatively easy to cluster grid nodes in the wall normal direction, the same clustering by a Cartesian grid requires refinements in all directions. We will show, in particular, that within the Large–Eddy–Simulation (LES) modeling this implies that if NBF and NIB are, respectively, the number of nodes needed by a three–dimensional body–fitted LES at Reynolds number Re and NIB the same quantity for the IB method it results NIB/NBF ~Re0.88/ln Re. Although IB simulations are considerably less expensive than the body–fitted counterparts this increase of resolution can not always be accounted by “brute force” grid refinements. This brings to the need for near–wall modeling (Piomelli & Balaras, 2002) which still is an open issue for standard body–fitted–grid simulations and even less consolidated for IB methods.
LES TURBULENCE MODELING
For moderately high Reynolds number flows the governing equations are the filtered Navier–Stokes equations that for incompressible flows read:
∂u~∂t+∇⋅u~u~=−∇p~−∇⋅τ~+1Re∇2u~+f,and∇⋅u~=0.
[image: si2_e]  (1)

u~[image: si50_e] is the filtered velocity, τ~=uu~−u~u~[image: si3_e] the sub–grid–scale (SGS) stress tensor, p~[image: si4_e] the filtered pressure and f the forcing term needed to impose the boundary conditions at the fluid/immersed body interface (see Iaccarino & Verzicco, 2003 and Mittal & Iaccarino, 2005 for specific expressions of f). The tensor τ~[image: si5_e] must be modeled and following the Smagorinsky procedure its deviatoric part can be parametrized as
τ~−Trτ~=2νTS~withνT−CΔ2|S~|and|S~|=2S~·S~1/2,
[image: si6_e]  (2)

Δ is the filter width and S~[image: si7_e] is the large–scale rate–of–strain tensor that can be computed from the filtered velocity S~=∇u~+∇u~T/2[image: si8_e]. The trace of the sub–grid–scale stress tensor does not need to be explicitly modeled since it can be incorporated in a modified pressure p~*=p~−Trτ~[image: si9_e].
The model parameter C can be either externally assigned according to the original Smagorinsky model (Smagorinsky, 1963) or computed as part of the solution following a dynamic procedure (Germano et al., 1991). The first possibility is less expensive in terms of CPU time even if the resulting SGS model turns out to be too dissipative close to the walls and needs to be damped by a “ad hoc” function (for example the van Driest damping). The dynamic procedure, on the other hand, implies an additional filtering over a “test filter” and has a computational cost of the order of 30% of the total CPU time; it yields, however, a number of advantages highly desirable in a numerical simulation. First of all the turbulence model does not rely on user defined parameters and C is computed from the resolved field. The turbulence model automatically switches off in the near–wall region or within laminar flow patches without the need of damping functions. In addition, the dynamic determination of C allows for some energy backscatter (negative values of C) at least as long as the total viscosity (molecular + turbulent) does not become negative.
The computation of the coefficient C usually requires a spatial averaging before it can be used for the computation of the turbulent viscosity. In simple flows (homogeneous turbulence or plane channels) there is always one or more homogeneous directions that can be used for the averaging of C. In contrast, for flows in complex three–dimensional geometries homogeneous directions are not available and an alternative procedure is needed. One possibility is to use a filtered C instead of its raw counterpart which is equivalent to the pointwise averaging of C among the closest neighbors. This makes sense if one considers that according to the Kolmogorov hypotheses, in the inertial range turbulence is always locally homogeneous. Results obtained by this procedure are those by Verzicco et al., (2000) and Verzicco et al., (2002) which are briefly described in the successive sections.
A more elegant and effective way for averaging C is by a Lagrangian algorithm. A complete discussion of the model is given in Meneveau, Lund & Cabot (1996) here we only note that since the dissipation is advected according to the fluid velocity, a natural way for averaging C (which parametrizes the dissipation) is along a streamline. This is performed by a weighting function which gives more weight to recent times, smooths out sharp fluctuations and preserves the spatially local nature of the model. This procedure has been successfully used by Balaras (2004) for the turbulent flow over a wavy wall; some of his results will be commented later in this paper.
BOUNDARY RECONSTRUCTION
A fundamental issue of the IB method is the imposition of the forcing f at the fluid/body interface. The need for an explicit computation of f depends on the particular technique, even if every IB method eventually needs a reconstruction of the solution around the immersed surface. In fact, consider figure 1 where the shaded surface is the immersed boundary; it is immediately evident that while the boundary condition must be imposed over the surface, the flow unknowns are located somewhere in the computational cell and their position does not coincide with that of the surface; this is true for colocated methods as well as for staggered methods in which every flow variable is discretized in a different position. Simple mono– two– and full three–dimensional reconstruction schemes have been proposed (Fadlun et al. 2000, Gilmanov, Sotiropoulos & Balaras 2003, Tseng & Ferziger 2003, Kim et al. 2001) with different degrees of precision and efficiency although all of them yielding a second–order accuracy.
[image: f02-01-9780080445441]Figure 1: Sketch of one possible interpolation scheme for the velocity reconstruction at the immersed boundary.

One general procedure consists of a preliminary tagging of the computational cells which classifies the nodes into external, internal and interface points. The tagging can be performed by a ray–tracing algorithm (O’Rourke, 1998) as discussed in Iaccarino & Verzicco (2003) which is a standard in computer graphics. From each interface node (point A in figure 1) the normal to the immersed surface is drawn and the intersection W is computed. A tetrahedron is then constructed with A and the three closest external nodes (B, C and D) such that the point W is contained inside the tetrahedron. Every flow variable q (velocity component, density, temperature, scalar concentration, etc.) is then computed in A in such a way that the same variable assumes the values in B, C and D computed from the governing equations without any forcing and the prescribed boundary condition in W. Within a linear reconstruction q assumes the form:
q=ax+by+cz+d
[image: si10_e]  (3)

with a, b, c and d determined by the conditions q = qB, qC, qD and qW, respectively, at the points B, C, D and W. Once the coefficients a, b, c and d are known from the above conditions the value of q in A is simply given by qA = axA + byA + czA + d. If, instead of Dirichlet conditions, Neumann boundary conditions (∂q/∂n = ϕW) are to be applied the wall condition q = qW is replaced by ∇q · n = ∂q/∂xα + ∂q/∂yβ + ∂q/∂zγ = aα + bβ + cγ = ϕW, where α, β and γ are the components of the normal n in W.
We wish to stress that according to equation (3) the solution behavior in the near–wall region is linear by definition which implies, in other words, that the first external points must be within the viscous sublayer. This is certainly true for a laminar flow or for direct numerical simulations (DNS) of turbulent flows but it is unlikely to happen even for moderately high Reynolds number LES simulations.
If the immersed boundaries are largely aligned with coordinate grid lines a brute force grid refinement can be sufficient to get enough wall resolution. This was done in Verzicco et al., (2002) although this strategy can not be pursued for any three–dimensional geometry. A possible alternative was proposed by Majumdar, Iaccarino & Durbin (2001) which used a quadratic interpolation instead of the linear one of equation (3). This avoided the linear flow behavior close to the immersed boundary but, on the other hand, needed a larger stencil for the solution reconstruction. Additional difficulties are introduced by quantities whose near–wall behavior is intrinsically nonlinear even with enough wall resolution. In LES this is the case of the turbulent viscosity νT that, for equilibrium flows, decreases with (n+)3 power law, being n the wall–normal direction. In this case the correct flow behavior could be recovered by using in equation (3) q = (νT)1/3 although, as noted by Balaras (2004), the evaluation of the test-filtered quantities in the vicinity of the immersed boundary is not straightforward since it requires either modified stencils or the inclusion of internal body points. On the other hand, even if the velocity components are reconstructed from the surrounding points, the turbulent viscosity is needed to compute the viscous fluxes and inaccurate boundary values can affect the external solution. This suggests that a near–wall modeling procedure can avoid possible inaccuracies and give substantial improvements in the affordable Reynolds numbers.
NEAR–WALL MODELING
One problem in the application of LES to wall–bounded flows at realistic Reynolds numbers is that, since the most energetic flow structures must be explicitly solved, the near wall resolution is comparable to that of a direct numerical simulation (DNS). In particular, if δ+ is the wall lengthscale, assuming a structured body–fitted grid covering an object of dimension L in which η is the wall-normal direction and χ and ζ the other two directions we have Δχ ~δ+, Δζ ~δ+ and Δη ~η, the latter indicating that a grid stretching is performed in order to refine the near-wall region and save computational points far from the object. Following Chapman (1979) we have L/δ+ ~Ra0.88 therefore the number of points per cubic L must scale as NBF ~Re1.76 ln Re (Pope, 2000). On the other hand, if the grid is not body–fitted there is not a wall normal coordinate line and the grid spacing must be ~δ+ in all three directions. In other words in the IB method every direction can be normal or parallel to some part of the body and the grid must be, on average, equally fine in every direction. This implies that the number of nodes covering a cubic L now behaves as NIB ~Re2.64 and the ratio with the body–fitted counterpart is NIB/NBF ~Re0.88/ln Re. It must be observed that this estimate applies only to the number of nodes and not to the cost of the simulation since LES on simple Cartesian meshes is considerably less expensive than on curvilinear grids. In addition, in the IB method a fraction of the nodes (typically 10–30%) falls inside the immersed body where the flow needs not be computed, thus reducing the count of the dynamically active nodes. Nevertheless it is clear that since NIB/NBF increases with Re, LES simulations which are already challenging over body–fitted meshes become eventually unfeasible for IB methods.
One way to overcome this difficulty is to replace the near wall region with an appropriate wall model feeding the LES with approximate wall boundary conditions, thus avoiding the direct computation of the near–wall region (Piomelli & Balaras, 2002). The advantages of this approach are evident if one considers that far from the wall an adequate spatial resolution for LES requires that the grid spacing Δ be only a fraction of the integral length scale ℒ[image: si17_e] (Jimenez, 2003). The reason is essentially that the resolved scales are required to carry most of the flow stresses and they are produced at most at dimensions one order of magnitude smalled than ℒ[image: si17_e]. Assuming then Δ ≈ ℒ[image: si17_e]/10 implies that order of thousands nodes per cubic ℒ[image: si17_e] would be enough to adequately simulate by LES a turbulent flow. It is worth noting that the total number of nodes needed by the simulation, either NBF or NIB, depends on the ratio L/ℒ[image: si17_e] which in turn is a problem–dependent value; nevertheless even if very large it is independent of the Reynolds number thus making feasible the simulation of industrial flows.
Details and comparisons for the most popular wall models currently used in LES can be found in the review by Piomelli & Balaras (2002), in the present paper we only describe one of them which has been used in combination with IB methods. Following Balaras, Benocci & Piomelli (1996) a boundary layer equation for the tangential velocity components can be written as:
∂∂ην+νT∂ui∂η=FiwithFi=∂ui∂t+∂uiuj∂xj+∂p∂xi,
[image: si11_e]  (4)

being η the wall normal direction. This equation can be solved within a “layer” between the solid boundary and the “external” LES solution in such a way that the external solution of equation (4) becomes the new wall boundary condition for LES.
Wang & Moin (2002) applied several versions of the above model and among them Fi = 0 yields the simplest: the equilibrium stress balance model. The eddy viscosity νT is obtained by a mixing length model with near wall damping νT = νκη+(1 − e− η +/A)2, with κ = 0.4 and A = 19. η+ = η/δ+ is the distance from the wall in viscous units computed from the instantaneous local friction velocity. It must be noted that the calculation of νT needs η+ which relies on the friction velocity uτ. The latter, in turn, is obtained from equation (4) which contains νT. An iterative procedure is than required that stating from a tentative value of uτ (usually the value at the previous time step) solves simultaneously for equation (4) and the definition of νT.
One difficulty in the application of the above model to the IB method is that equation (4) is solved for the tangential velocity components along the wall normal coordinate; if from one external node (say point B in figure 1) the wall normal is drawn, this will not intersect any other computational node. In addition each node will have a velocity which is neither tangential nor parallel to the wall; additional interpolations are therefore required to apply equation (4) in the IB context. This has been done by Tessicini et al., (2002) where further details of this procedure can be found. The authors report that the computational cost of this model, including the additional interpolations is about 10% of the total CPU time. Some results obtained by this model are given in the section of the results, here we want to comment on an interesting property of this model which is summarized by figure 2. In particular, the equilibrium stress balance model yields the logarithmic law of the wall for η+ [image: an1] 1 and a linear profile for η+ ≈ 1. This implies that if the first external node is within a small multiple of δ+ (the Reynolds number is small or if the flow has locally a reduced turbulence level) the model automatically returns a linear velocity profile which is the same as if the model were absent. If instead the first external node is at tens or hundreds of wall units the model returns a logarithmic velocity profile. In other words, this model has the advantage of automatically switching off in flow regions where it is not needed similarly to the dynamic sub–grid–scale model for LES.
[image: f02-02-9780080445441]Figure 2: Wall velocity profile as function of wall distance. ——— Re = 3900 first grid point at η+ = 30, ---- Re = 300 first grid point at η+ = 5.

In the original application (Tessicini et al., 2002) equations (1) were solved down to the second external node while equation (4) was used to determine the velocity components at the first external point. An improvement to this procedure is to solve equation (1) down to the first external nodes and use equation (4) to compute the wall stress. This is equivalent to assign a slip–velocity at the immersed boundary which provides the LES simulation with the “correct” wall shear stress. This procedure seems to give better results with respect to the previous implementation although a full validation within the IB context has not been performed yet (F. Tessicini, Personal Communication).
EXAMPLES
This part of the paper is devoted to the description of some illustrative applications of the above mentioned techniques; in the next two sections the Reynolds number of the flows is low enough to allow for sufficient spatial resolution near the wall. The successive example describes simulations where the resolution is marginal and only the large alignment of the immersed boundaries with the grid makes the flow computation possible. In the last example the Reynolds number is so large that the numerical simulation becomes unfeasible without a near–wall turbulence model.
Flow in a Model IC Piston–Cylinder Assembly
In this section the LES of the three–dimensional flow in an axisymmetric piston/cylinder assembly with a fixed valve is illustrated. The configuration is reported in figure 3a and experimental measurements (phase averaged mean and RMS radial profiles of axial velocity) are available (Morse, Whitelaw & Yianneskis, 1978) for the validation of the numerical results. In the experiment, the piston was externally driven so that the fluid flowed into the cylinder from outside during the downward piston motion and vice-versa when the piston moved up. Since the valve was fixed and a tiny annular gap was left open between the valve and the cylinder head, the compression phase is not included in the flow dynamics. The piston was driven by a simple harmonic motion at a speed of 200rpm [image: a] 21 rad/s which for the present geometry yields a mean piston speed of V¯p=0.4m/s[image: si12_e] (when averaged over half cycle). The Reynolds number of the flow based on V¯p[image: si13_e] and on the piston radius is Re = 2000 in air. It is worth noting that although the piston has an half–cycle mean velocity of only V¯p=0.4m/s[image: si14_e] the fluid driven through the valve gap has velocities up to 20V¯p[image: si15_e] and for the adequate description of this flow a sub–grid–scale turbulence model is mandatory.
[image: f02-03-9780080445441]Figure 3: Flow in the IC piston–cylinder assembly at Re = 2000, and 65 × 65 × 151 (θ × r × z) grid, dynamic Smagorinsky subgrid–scale turbulence model, a) Sketch of the grid and of the geometry, b) t = π/2, (crank angle 90°) projected velocity vectors, meridional plane, c) t = π/2, projected velocity vectors, 15 mm below the head.

In figure 3bc snapshots during one instant of the oscillating cycle are given and the high three–dimensionality of the flow can be appreciated from the vector plots in orthogonal sections. Radial profiles of axial velocity were obtained by phase averaging the fields over four cycles and then averaged in the azimuthal direction. Three profiles at different axial locations are shown in figure 4. The comparison with the experimental data shows that the LES results are always in agreement with the experiments. In Verzicco et al. (2000) velocity profiles in additional sections and RMS profiles of axial velocity are also reported consistently showing a very good agreement with the measurements. The same flow was LES simulated by Haworth & Jansen (2000) and they used an unstructured boundary fitted, deformable mesh; the quality of the results is comparable even though the immersed boundary technique resulted much less expensive.
[image: f02-04-9780080445441]Figure 4: Radial profiles of averaged axial velocity components at t = 0.2π (crank angle 36°): a), b) and c), respectively at sections 10 mm, 20 mm and 30 mm below the head. Symbols: Experiments Morse et al. (1978), ——— : present LES Simulation.

Flow in a Wavy Channel
This application (Balaras, 2004) considers the fully developed turbulent channel flow with the bottom wall having the shape of a sinusoidal wave. The problem geometry is that of figure 5a with a value of 2α/λ = 0.1 and a spanwise dimension of the domain equal to the streamwise length. Several grids have been considered by Balaras (2004) the finest of which uses 288 × 64 × 130 nodes in the streamwise, spanwise and cross-stream directions. The Reynolds number based on the length H – α and the bulk velocity Ub, is Re = 6760. The flow dynamics is governed by the unsteady separation downstream of the hill top and the successive reattachment in the throat. An instantaneous snapshot through a vertical plane is shown in figure 5b where the spanwise vorticity evidences the formation of the thin shear layer in the ascending part of the bottom and a recirculation in the descending half.
[image: f02-05-9780080445441]Figure 5: a) Sketch of the problem, b) Instantaneous snapshot of spanwise vorticity through a vertical cross section (y/h = 1.2). Figures adapted from Balaras (2004) reproduced with permission.

Mean profiles of streamwise and wall–normal velocity components and resolved turbulent kinetic energy are given in figure 6 for one representative section showing a substantial agreement with reference DNS data (Maaβ & Shumann, 1996). The same kind of agreement is observed for other sections as shown by Balaras (2004) where further details on the simulation technique and flow dynamics can be found.
[image: f02-06-9780080445441]Figure 6: Mean vertical profiles at the streamwise location x/h = 1. a) stramwise velocity, b) wall–normal velocity, c) resolved turbulent kinetic energy, o DNS by Maaβ & Schumann (1996), ---- coarse (192 × 64 × 88) LES by Balaras (2004), ——— fine (288 × 64 × 130) LES by Balaras (2004). Figures adapted from Balaras (2004) reproduced with permission.

Similar results were obtained by Tseng & Ferziger (2003) on a similar problem with slightly different geometrical parameters and turbulence modeling. Both examples demonstrate that when the near wall resolution is sufficient a LES with an IB method yields results of the same quality as the standard body-fitted methods.
Flow Around a Model Road Vehicle
The objective of this study is to investigate by LES the dynamics of the wake past a model road vehicle for which experimental data are available for comparison (Khalighi et al., 2001).
The configuration is reported in figure 7; the simulations are performed on a Cartesian grid made up of 220 × 140 × 257 points over a domain 13.5H × 4.2H × 3.77H in the streamwise, vertical and spanwise direction respectively, being H the height of the body.
[image: f02-07-9780080445441]Figure 7: a) Road-Vehicle Configuration and Computational Grid in the Symmetry Plane (only one every 4 grid–points are shown), b) Averaged streamwise velocity through the symmetry mid–plane at Re = 100000.

The experimental Reynolds number based on the free–stream velocity and the model height is Re = 170000. Preliminary simulations were carried out assuming that the main features of the flow and the corresponding trends in the flow dynamics at the back of the body were independent of Reynolds number if this was sufficiently high. Accordingly, the Reynolds number of the numerical simulations was fixed at Re = 20000; it was observed that indeed the numerical simulations showed all the trends and the flow features observed in the experiments. However, some quantitative differences were present. For this reason, additional simulations have been performed at Re = 100000 showing a much better quantitative agreement with the experimental data. Quantitative results are reported in figure 8 in terms of time-averaged streamwise velocity profiles in two sections downstream of the base. The measurements are compared with two LES simulations performed at Re = 20000 and Re = 100000; the high Reynolds number simulations agree well with the experiments. The defect velocity as well as the length of the recirculation region are accurately captured. The low Reynolds number simulations agree qualitatively with the measurements but strongly overpredict the thickness of the bottom–wall jet.
[image: f02-08-9780080445441]Figure 8: Streamwise velocity profiles in the wake, o : Experiments Khalighi et al., (2001); ---- : LES at Re = 20000; ——— : LES at Re = 100000.

The high Reynolds number results have also been compared to the experiments in terms of drag coefficients; a value of CD = 0.291 was computed from the LES simulations, whereas CD = 0.3 was the corresponding measurement. Additional analysis were carried out to study the unsteady dynamics of the flow and the effects of drag reduction devices; they are reported and discussed in Verzicco et al., (2002).
Flow Around a Hydrofoil
In the present example (Tessicini et al., 2002) is it considered the flow around a hydrofoil of chord C and maximum thickness H. The geometry is that used by Blake (1975) which investigated the flow experimentally. The Reynolds number based on the hydrofoil chord is ReC = 2.15 × 106 while based on the maximum thickness is ReH = 1.02 × 105. Following Wang & Moin (2000) the simulation is performed over the rear 38% of the hydrofoil chord (figure 9), on a domain 0.5H × 41H × 16.5H respectively in the spanwise, cross–stream and streamwise directions with a grid of 49 × 206 × 418 nodes. It is worth noting that although the grid is stretched around the hydrofoil surface the average wall grid spacing is about 60 wall units. This spacing does not allow the assumption of linear velocity profile in the region between the first external node and the immersed surface. Consistently, the simulation without wall model (although a dynamic sub–grid–scale model is activated) completely mispredicts the separation point and the velocity profiles (figure 10a).
[image: f02-09-9780080445441]Figure 9: Instantaneous streamwise velocity contours in the wake of the hydrofoil trailing edge. (Δu = 0.08).

[image: f02-10-9780080445441]Figure 10: Mean and rms U=ux2+uy2[image: si1_e] profiles normalized by the local external velocity Ue.yw is the local y coordinate of the immersed surface. a) ---- full LES on body-fitted mesh by Wang & Moin (2000), ——— present IB solution without wall model. Sections at x/H = − 3.125, − 2.125, − 1.625, − 1.12, − 0.625, 0. b) o experiments by Blake (1975), ---- full LES by Wang & Moin (2000), – · – LES with wall model by Wang & Moin (2000) —·— present IB results with wall model. Sections as in a). c) the same as b) for the rms profiles. Sections as in a).

This test is particularly severe for the IB method since the flow separates over the curved surface in a point which is determined by the balance of the wall viscous stresses and the external pressure gradient. Since none of the coordinate lines is aligned with the hydrofoil surface the computation of the correct boundary layer dynamics is particularly challenging. In figures 10b the average velocity profiles are reported together with the experimental results and analogous data produced by body–fitted LES simulations. It can be noted that the introduction of a wall model yields a substantial improvement to the results whose agreement with the experiments is of the same quality as the body fitted results. The agreement with the experiments is less satisfactory for the rms profiles (figure 10c) although also the body fitted simulations are affected by some mismatch with experiments.
CONCLUSIONS
The aim of the present paper was to show, by describing some illustrative examples, the recent advances in the field of LES in the context of IB methods. Owing to lack of space the paper could not discuss related topics like Cartesian Methods or applications to compressible flows. The reader is referred to the reviews by Iaccarino & Verzicco (2003) and Mittal & Iaccarino (2005) for further reading.
Before concluding the paper, however, we would like to shortly discuss one more point about the near–wall refinement. As shown by Iaccarino & Verzicco (2003) some additional wall refinement can be obtained by immersed grids, i.e. by local fine grid patches applied over a coarser grid, the former being placed at the immersed body/fluid interface. This has shown to work very well in the context of RANS simulations since local near–wall refinements were possible without the node count increase typical of the structured grids. Unfortunately the same procedure could not be applied to LES simulations since preliminary tests have shown that the discontinuous grid spacing produced by the immersed grids yielded spurious stresses which in turn disrupted the turbulent viscosity computation (see figure 7 of Iaccarino & Verzicco, 2003). A possible solution was indicated in a recent paper by Mahesh, Costantinescu & Moin (2004) who showed a conservative method for LES on unstructured grids; although this context is basically different from that of the structured grids used in the IB methods this might allow to combine immersed grids and IB methods in such a way that the conservation requirements of LES can be satisfied.
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