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1. Statement of Problem 
 
The blade-tip vortex is one of the most important aerodynamic features of a helicopter rotor 
wake. The strength, size, location and orientation of tip vortices have a direct impact on rotor 
performance and blade loading. In addition, in some flight configurations, blade-vortex 
interaction (BVI) can result in rotor noise and vibration [1]. The tip-vortices can also interact with 
the airframe and cause undesirable vibration, noise and degradation in the handling qualities of 
the helicopter. An understanding of tip-vortex formation and evolution is therefore a necessary 
precursor to developing blade-tip designs that can diminish these undesirable characteristics of 
the tip vortex. 
 
Accurate numerical simulation of tip-flow is a difficult proposition. Turbulent diffusion and 
dissipation have a significant effect on the size and intensity of the tip-vortex and have to be 
modeled with reasonable accuracy [1]. Most of the numerical simulations in the past have 
employed dissipative schemes in conjunction with relatively coarse meshes, which cause 
inaccurate prediction of the size, location and strength of the tip-vortex. Furthermore, the flow in 
the tip vortex is highly unsteady, three-dimensional and non-homogeneous and contains a wide 
range of spatial and temporal scales. Thus, conventional Reynolds-Averaged Navier-Stokes 
(RANS) approaches which are designed to solve for the steady state, time-averaged velocity and 
pressure field [2,3] are not expected to perform well in predicting this flow. Large-eddy 
simulation, with the dynamic subgrid-scale model [4] is an approach which is well suited for this 
type of flow problem. However, the high Reynolds number (105-106) of rotor tip-flows makes 
such computational highly computer intensive and therefore, innovative computational and 
modeling approaches are required in order to make these simulations viable.  
 
In the current project we have developed a LES methodology for simulating rotor tip flows. The 
ultimate goal of the simulations was to test the viability of the LES approach for such flow by 
simulating a realistic rotor tip flow. The experimental flow configuration chosen for validating 
our simulations was that of Martin et al. [5,6], where a rectangular one-blade rotor with a NACA 
2415 section was employed. The blade tip Mach number and chord Reynolds number were 0.26 
and 272,000 respectively, making this a highly challenging case. Another objective of the current 
project was to use the solver to examine the details of the tip-vortex formation on the rotor/wing 
as well its early evolution downstream of the trailing edge.  
 
2. Summary of Most Important Results and Accomplishments 
 

a. Development of a Novel Immersed Boundary Methodology (IBM) for LES of 
Complex Compressible Flows 

 
Large-eddy simulation of a flow such as a rotor-tip flow is highly challenging proposition due to 
a number of factors. First large-eddy simulations at the typically high Reynolds number of such 
flows requires very large grids with tens of millions of grid points. Second, the flow is inherently 
three-dimensional and this necessitates the use of relatively complex grid topologies such as C-H 



and other grids used in the past [2]. In the context of LES this can be especially critical since such 
grids often times have regions where the grid is not smooth and highly skewed. Since LES is best 
carried out with non- or minimally dissipative schemes, the use of unsmooth and skewed meshes 
can leads to numerical inaccuracies and instabilities [7]. The three-dimensionality of the flow also 
necessitates long integration times in order to accumulate reliable statistics, and this further 
increases the computing time. Because of all these factors, it is useful to develop a methodology 
which will (1) allow us to simulate these flows on relatively simple meshes and (2) be highly 
efficient and parallelizable so that simulations can be turned around in reasonable times.  
 
Our experience with LES of tip-clearance flows [7] indicated that the use of immersed-boundary 
method (IBM) would be quite effective for such flows. Based on this we decided to develop from 
scratch a new IBM based solver which is well suited for simulation of rotor tip flows. The key 
feature of this method is that simulations of flow past bodies can be carried with grids that do not 
conform to the boundary of the body. This relieves the grid generation constraints considerably 
and leads to relatively smooth meshes. Also the use of a topologically simple mesh makes it easy 
to parallelize the solver for distributed memory computers and achieve good parallel 
performance. 
 
Figure 1 shows the typical grid topology used for simulating flow past a circular cylinder which is 
one of our validation cases. Note that although the grid is curvilinear and allows us to cluster 
more grid points in the boundary layer, the grid does not exactly conform to the boundary of the 
cylinder. Figure 2 shows results from simulations of flow past circular cylinder at various 
Reynolds numbers. Details of the numerical procedure are given in the various publications listed 
sin Sec. 3 of this report and will not be presented here. 
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Figure 1 Example of the use of non-body 
conformal grids used in simulations of  flow 
past circular cylinder. 

Figure 2. Spanwise vorticity contours for for 
simulated flow past cylinders at Reynolds 
numbers ranging from 590 to 3900  

 
As mentioned earlier, one of the key aspects of the solver is efficient parallelization. In the 
current solver we have used a one-dimensional domain decomposition strategy along with 
Message Passing Interface (MPI) directive in order to parallelize the solver for distributed and 
shared memory systems. Figure 3 shows the parallel performance of the solver on two different 
in-house multiprocessor systems. The test case chosen corresponds to a three-dimensional 



simulation of flow past a circular cylinder with a 548 358 10× ×  grid. On the Pentium Beowulf 
cluster which has a gigabit interconnect between the nodes, we achieve about a 63% scaleup on 
22 processors and on the GS320 which is a shared memory system, the speedup on 22 processor 
is about 80%. Thus overall the parallel efficiency of the solver is reasonably good. 
  

        
Figure 3. Parallel performance of solver on two in-house 
multiprocessor computer systems. 

   
 

b. Comprehensive Validation of IBM for Canonical Wake and Airfoil Flows 

 
Flow past a circular cylinder has become the de-facto standard in validation of Navier-Stokes 
solvers. In the current project we have simulated flow past a circular cylinder for Reynolds 

  
Figure 4(a) Comparison of base pressure 
coefficients at different Reynolds numbers.  ♦: 
Present  work,  X  : Willamson and  Roshko[8], 
□: Henderson [9], ∆: Mittal et al. [10], ∇ : 
Beaudan and Moin [11], : Norberg [12]. 

Figure 4(b) Comparison of Strouhal number 
for two-dimensional flow past a circular 
cylinder. ♦:   Present  work,  X  :Braza [13], □: 
Williamson [14], ∆: Mittal et al. [10], ∇ : 
Beaudan and Moin [11], +: Roshko [15]. Inset 
figure shows the details of the curve for the 
range100 Re 300d≤ ≤   



numbers ranging from 20 to 3900 and compared our results with established experiments and 
simulations. Figure 4 shows comparison of base pressure coefficient and vortex shedding 
Strouhal number obtained from 2D simulations for the entire range of Reynolds numbers. The 
match with experiments is quite good upto Re=200. Beyond that the flow is intrinsically three-
dimensional and so the results cannot match those of the experiments. However, the results do 
match well the results from other 2D simulations thereby providing strong validation of the 
fidelity of the solver.  
 
Three-dimensional simulations past a circular cylinder have also been performed in order to 
ensure that the solver is accurate and efficient for such simulations and Figure 5 shows some 
representative results and comparisons from these simulations. 
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Figure 5. (a) Flow structures of 3D simulated flow past a circular cylinder at Re=300.  
(b) Comparison of computed wake profiles with DNS of Mittal & Balachandar [10] at Re=300 . 
(c) Computed wake structure for Re=3900. 

 
One of the primary applications to be targeted with this solver is wing and rotor-tip flows. It is 
therefore important to assess the performance of this method for airfoil-type geometries. 
Simulation of such flows also allows us to demonstrate the capabilities of the solver for non-
canonical geometries. We have performed 2D simulations with different angle-of-attacks over the 
NACA 0008 airfoil at a chord based Reynolds number ( Rec ) of 2000 and freestream Mach 
number 0.2. Numerical simulations of a similar flow configuration have been carried out 
previously by Kunz[16] and Mottinen[17] and comparison with these datasets can be used to 

 

 
 
 

 

 
 

Figure 6(a) Computed flow past NACA0008 
airfoil at 6 degrees angle-of-attack at chord 
Reynolds number of 2000. 

Figure 6(b) Comparison of computed lift and 
drag coefficient (black symbols) with other 
simulations (blue [16] and red [17] symbols).  



evaluate the accuracy of the current simulations. Simulations are carried out for angles-of-attack 
ranging from two to six degrees and Fig. 6(a) shows the computed flow for the 6 degree angle-of-
attack case. Note that at this angle-of-attack the flow over the airfoil is starting to develop a stall 
vortex near the trailing edge. The computed lift and drag coefficients are compared with available 
data of Kunz[16] and Mottinen[17] in Fig 6(b). As the plot shows, the comparison of both 
quantities is reasonably good although the current computed drag coefficient is slightly lower 
than these previous studies. 
 

c. Analysis of Wing and Rotor Tip-Vortex Formation and Evolution  
 

In this section we present results from simulations of a wing and rotor-tip flow. All of these 
simulations have been performed for a rectangular NACA 2415 wing at 4.5 degrees angle of 
attack and free-stream Mach number of 0.26 which is the nominal condition in the experiments of 
Martin et al [5,6] In the first wing-tip simulations presented here the chord-based Reynolds 
number is 105 which is lower than that in the experiment. Note that this current simulation does 
not include rotational effects. This are included in a later simulations and will be discussed 
following this case. Since the airfoil does not vary in shape across the span, we use a grid that is 
curvilinear in the 1 2x x−  plane and planar in the spanwise ( 3x ) direction.  The overall grid 
employed is 460 197 152× ×  and a 2D view of the grid is shown in Fig. 7. The use of a curvilinear 
mesh allows us better control over the grid resolution in localized regions such as boundary 
layers. It should be noted for instance that in Fig. 7(a) the surface of the airfoil is nearly parallel 
to one set of grid lines and this allows us to provide a higher resolution selectively in the 
boundary layer region. The grid in the spanwise direction although planar, is highly non-uniform 
with high resolution provided to the wing-tip region. The simulations have been carried out on 
seven processors of the Beowulf clusters. This simulation has been carried out as a LES and 
figure 7(b) shows the eddy viscosity contours in this simulations. Note that as expected, high 
levels of eddy viscosity are limited to the tip-vortex and wake region of the flow. 
 

  
Figure 7(a). Grid employed in NACA2415 
wing-tip simulations. 

Figure 7(b). Eddy viscosity contours contours 
for this LES showing substantial values only in 
the tip vortex and wake. 

 
Fig. 8 shows an iso-surface of streamwise vorticity and pressure at one time instant and this gives 
a clear view of the three-dimensional vortex topology in the formation region.  The plot clearly 
shows the presence of at least two strong vortex systems, one associated with the suction side of 
the wing and the other from the pressure side of the wing-tip. The tip-vortex is highly compact 
and extends over one chord length downstream of the trailing edge. This indicates that numerical 
dissipation effects on the core are limited.  
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(b) 
Figure 8. 3D structure of wingtip vortex for Re=100,000, and M=0.26 (a) isosurfaces of 
streamwise vorticity (b) isosurfaces of pressure. 

 
In order to examine the vortex structure in more detail, in Fig. 9(a) we have plotted contours of 
streamwise vorticity at a number of streamwise stations along the wingtip. Near the leading edge 
we observe the formation of two counter rotating vortices which are formed due to the leakage of 
flow from the wing surface to the tip region. This is due to the strong spanwise pressure gradient 
that is known to be present in this region. We denote the vortex from the suction surface as 
vortex-A and that from the pressure surface as vortex-B. At x/c =0.1-0.2, these two vortices are 
observed to be of almost equal strength and have nearly circular vortex cores. At x/c=0.3 we 
observe the development of a new vortex feature on the suction surface. This station is located 
where the pressure on the suction side wing surface is lower than that in the tip region. This 
results in the flow turning from the wing tip region back onto the suction surface. This has two 
consequences ; first vortex-A also convects toward the suction surface and second, a new vortex 
(vortex-C) is created due to the rollup of the shear layer that forms as a result of the flow moving 
from the tip to the suction surface. Vortex-C has a rotation opposite to that of vortex-A and in fact 
vortex-C is the primary wing-tip vortex. At x/c=0.4, as vortex-C grows, it tends to wrap vortex-A 
around itself. At the same time, vortex-A starts to lose strength due to cross diffusion of vorticity 
with vortex-C. At this station we also see that due to the bulk flow from the wing-tip to the 
suction surface, vortex-B also starts to convect upwards. By the time the vortices reach at x/c 
=0.9, vortex-C has gained significantly in strength whereas vortex-A has all but disappeared. 
Furthermore, vortex-B has reached the suction surface and is beginning to interact with the wing-
tip vortex-C. In fact, we observe that at this plane, vortex-B creates a set of small tertiary vortex 
structures on the suction surface. At x/c=1.0 which is at the trailing edge, the wing tip vortex-C is 
the dominant feature in the flow and moved significantly inwards away from the tip region. Thus, 
at this relatively low Reynolds number, secondary vortices play a significantly role in the 
formation of the wing-tip vortex. It is known that the effect of these secondary vortices 
diminishes at higher Reynolds numbers [18]. Fig. 9(b) shows streamwise vorticity at a number of 
streamwise planes in the near wake. It can be observed that in very near wake, secondary and 
tertiary vortices continue to interact with the primary wing-tip vortex and modify its structure. 
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Figure 9 Contours of axial component of vorticity at various x/c for Re=100,000, and 
M=0.26 (a) wing tip region (b) near wake region. 

 
 
Finally we show results from a simulation of rotor-tip flow at Re=272,000 and M=0.26 which 
includes the effect of rotation. This simulation attempts to model the experimental configuration 
of Martin et al [5,6].  This simulation has been carried out on a large mesh with about 20 million 
mesh points on 20 processors of a GS320 COMPAQ Alpha shared memory computer. 
Computing one chord time requires about 3000 hours of computing on this computer. Thus, these 
simulations are highly CPU intensive and run over many months. 
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Figure 10. 3D structure of rotor-tip vortex for Re=272,000, and M=0.26  (a) isosurfaces of 
streamwise vorticity (b) isosurfaces of pressure. 

 
Figure 10 shows the three-dimensional topology of the vortex structures. First, comparing Figure 
10(a) to Figure 8(a) we note that the tip vortex at the higher Reynolds number is significantly 
more complex due to transition to turbulence near the trailing edge of the wing. The pressure 
isosurface also shows a vortex core that is significantly more compact than that at Re=100000. 
This underscrores the difficulty in doing these calculations since adequate resolution needs to be 



provided in this very small region in order to compute the vortex evolution correctly. Note again 
that the vortex core seems well resolved up to at least one chord downstream of the trailing edge 
thereby confirming that numerical dissipation effects are not significant. Also, comparing 10(b) 
with 8(b) we see that one of the effects of rotation is to bend the tip-vortex inwards as it evolves 
downstream.  
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Figure 11 Contours of axial component of vorticity at various x/c for Re=272,000, and 
M=0.26 rotor-tip simulations (a)rotor-tip region (b) near wake region. 

 
Figure 11 shows details of the vortex fields both at the rotor tip as well as the near wake. We note 
that at the rotor tip there are many strong secondary and tertiary vortices which result from 
centrifugal forces imparted by the rotor rotation. Most noticeably the vortex that develops due to 
separation from the pressure side of the blade is significantly more detached from the blade tip in 
the case with rotation.  
 
The rotor-tip simulation is currently ongoing. In the near future, we expect to have mean flow 
statistics that are sufficiently converged so as to make a meaningful comparison with the 
experimental data of Martin et al [5,6].  
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