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Abstract: Thereisavery important aspect of rotorcraft aerodynamics that cannot be com-
puted, within engineering time constraints, with the engineering methods now in common
use. Thisisthe rotor wake.

Unlike for conventional transport aircraft, there are a very large number of flight regimes to
be treated: rotorcrafts do not fly close to a specified design speed and amyriad of effects can
be important. Thus, during a rotorcraft design phase, a very large number of computations
must be done, so that each computation must be done in a short time. The computation of the
wake isamajor stumbling block to achieving this goal.

There are two main approaches currently used in aerodynamic computations: conventional
CFD to approximate the discretized Euler equations, and panel/vortex lattice methods. Both
are not able to solve the general wake problem without user input or within feasible comput-
ing time. However, there are basic ideas implicit in both approaches that can lead to afully
satisfactory, efficient treatment of all important effects of the wake. We first describe the fea-
tures of each method that make it inadequate for the general problem, and the basic ideain
each that can be used to make a new approach that will be effective. This new approach is
known as*“Vorticity Confinement”.



1 INTRODUCTION

There is avery important aspect of rotorcraft aerodynamics that cannot be computed, within
engineering time constraints, with the engineering methods now in common use. Thisisthe
rotor wake. Thisincludesfirst the main rotor, but also the tail rotor. Further, multi rotor con-
figurations are to be treated, as well as wake interactions with following blades, including
blade-vortex interaction — (BV1), and interactions with the fuselage, ground and other nearby
rotorcraft or personnel. Further, unlike for conventional transport aircraft, there are a very
large number of flight regimes to be treated: rotorcrafts do not fly close to a specified design
speed and amyriad of effects can be important. Thus, during a rotorcraft design phase, a very
large number of computations must be done, so that each computation must be done in a short
time.

Specific examples where the unsteady wake isimportant include:

-- Blade loading in hover (including body)

-- BVI

-- Interaction of the tail rotor with the main vortex following quick turns on deck

-- Interaction of another landing helicopter with awake

-- Ability of ground personnel to walk in the strongly fluctuating wake near the ground caused
by shed individual vortices.

-- Sand/snow pickup due to the individual shed vortices (brownout, whiteout)

-- Vibratory airloads caused by individual blade vortices impinging on the fuselage
-- Effects of vortices on operations such as crop dusting

-- And many more

There are two main approaches currently used in aerodynamic computations: conventional
CFD to approximate the discretized Euler equations, and panel/vortex lattice methods. Both
are not able to solve the general wake problem without user input or within feasible comput-
ing time. However, there are basic ideas implicit in both that can lead to afully satisfactory,
efficient treatment of all important effects of the wake. We first describe the features of each
method that make it inadequate for the general problem, and the basic ideain each that can be
used to make a new approach that will be effective. This new approach is known as*“Vorticity
Confinement” (VC).

The main objective isto demonstrate a computational method that is able to compute detailed
wake effects in most of the problems listed above. This especially includes fluctuations due to
individual blade tip vortices and shed vortex sheets. Further requirements are that no input
involving the wake geometry be required. Thus, separate codes for separate problems with
different configurations will not be required. Further, the computation isto run on a PC (~
2GH2Z) in less than aday for most of the problems.

In this paper the basic VC method will be explained and a number of results reviewed, includ-
ing anew, VC based lifting surface method for the blades.

2 BASIC METHOD
In this section, first, the basic algorithm will be described. We feel a somewhat detailed de-

scription is necessary because it is quite different than currently used schemes. We first
quickly review the two most widely used methods, and argue that each is inadequate. How-



ever, each employs an implicit assumption that, properly used, leads to an approach —“Vortic-
ity Confinement” (VC) that has all the properties that we require.

2.1 Review of Panel/Vortex Lattice M ethods (P/VLM’s)

These methods were first used in the early 1930's to treat the vortex sheet shed by a wing [5-
6]. More extensive use, including representation of solid surfaces, followed from use of mod-
ern computers in the 1960's. A basic ingredient, the representation of the vortex as a vanish-
ingly thin velocity discontinuity, was already developed much earlier, when it was realized
that the details of the large velocity gradient in a boundary layer (BL) could be often ignored
and that the internal structure of a thin, attached BL did not significantly affect the outer, in-
viscid flow. Thus inviscid methods could be effective for many problems.

The same basic assumption is, of course, used in P/VLM’s representation of shed vortex
sheets as is used in the above "bound" vortex sheets — that the internal structures can be ig-
nored, as long asthey are thin.

We believe that these assumptions are very important for high Reynolds number flows, and
have little to do with the main drawbacks of P/VLM's. These drawbacks do not come from the
need to solve the internal structure of the vortical layers. Rather, we believe that P/VLM's are
not as useful as they could be for general problems because of the need to specify the topol-
ogy of each panel or vortex sheet by a collection of marker coordinates, which lie on the
sheet. Thus, typically, for realistic problems which shed thin vortex sheets, the number of
sheets and topology of each must be specified beforehand (even though the locations and vor-
ticity strengths of the markers are computed).

The main point in describing P/VLM's, which have been used very successfully in many ap-
plications, is to emphasise that they have demonstrated that there is no need to resolve the
interna structure of the sheets. Rather, certain conservation laws must only be obeyed as inte-
grals through the sheets (for example, that a sheet or filament convects with the flow can be
shown from integrating the momentum conservation law over athin "test function" containing
the sheet). Thus, the solutions obtained with P/VLM's are a type of "weak" solution of the
Euler equations.

2.2 Review of Eulerian Methods

For the reasons associated with marker allocation mentioned above, we feel we must use a
fixed-grid Eulerian method, where vortex sheets are " captured” regardless of their location, in
asimilar way to shock capturing, described below. However, we still want to keep the P/VLM
feature that they are treated as weak solutions, with no requirement that their structure be re-
solved. Then, as explained, there will be no need to specify the topologies, number of sheets
etc., but avery efficient computation will be possible.

There is an important analogy between our treatment of vortex sheets (both bound and con-
vecting) and shock capturing that will be explained in this section:

Initialy, in the 1960's, when computers were first being used to treat 2-D transonic flow,
"shock fitting" proved to be very effective. There, as with P/VLMs, a set of markers was used
to define each shock surface. However, as more complex cases were attempted, especially in
3-D, the specification of the topologies, the number of shocks, etc, proved complex and
"shock capturing® methods became more useful for general problems. In these methods,



shocks were automatically captured wherever they formed as weak solutions, without trying
to resolve the internal structure, which would have been prohibitive. The method described
below, "Vorticity Confinement" (VC), represents the same type of advancement, but for vor-
tex sheets. This new method, like shock capturing, will also be shown to overcome the prob-
lem of using afine grid to reduce numerical dissipation inherent in trying to resolve the inter-
nal structure of thin vortices.

2.3 Vorticity Confinement Approach

First, for small scale vortices, VC allows us to eliminate numerical dissipation so that it mini-
mizes the effect on the numerical solution, down to scales of a small number (~2) of grid cells
sizes (h). In this way, VC alows us to maximize h for a given resolution. This is important
because every factor of 2 increase in h leadsto afactor of 16 decrease in computing time. For
general small vortical scales, it is not possible to avoid numerical error over long convection
times, even if expensive high order conventiona CFD schemes are used. However, if the
small scalesin the field consist of vortex sheets and filaments, asis often assumed, thisis eas-
ily accomplished —with VC.

3 VORTICITY CONFINEMENT —BASIC CONCEPTS

As explained, the basic VC concept is related to that of similar methods also involving thin
structures—shock and contact discontinuity capturing. Accordingly, before describing the VC
method, analogous, relevant features of these methods will be briefly described, since they
have been used extensively for some time and are very familiar to the CFD community.
Then, basic concepts of the new method (VC) will be reviewed. These points are known to
people familiar with VC and more conventional discontinuity capturing methods, but may be
helpful to people to whom it is new. We will use shock capturing as an example.

Shock capturing methods have, of course, received an extremely large amount of attention in
the CFD community and have proven to be extremely important. These methods typically use
only a moderately sized inviscid computational grid in the shock region. Thisis possible be-
cause only the essential physics of the shock (as far as the flow problem being solved) is re-
tained. By “essential physics’ we mean those features that affect the flow external to the
shock interior. These features include computed shock thickness, which does not have to be as
small as the physical thickness but, like the physical thickness, must be small compared to the
main length scales of the problem. They also include the requirement that conservation laws,
integrated through the shock, are preserved. In this way, for many problems that do not de-
pend on the details of the shock internal structure, accurate flow solutions have been obtained
with specially developed numerical “shock capturing” algorithms. In these methods the de-
tailed, accurate solution of partial differential equations (pde)’s (for example, Navier-Stokes
equations) for the internal shock structure have been avoided. This has been important since it
avoids the requirements of a very fine computational grid within the structure, and very time
consuming viscous computations there. These ideas, which go back to Von Neumann and
Richtmyer (1950), Lax (1957) and others, involve the concept of “weak solutions’ of pde’'s
where, in the inviscid limit, discontinuous features can be treated. After discretization these
ideas typically allow the effects of shocks to be approximated over asfew as 1-3 grid cells.

The question naturally arises as to whether similar efficient “capturing” treatments of thin
vortical features are also possible, which would result in similar benefits. One difference,
however, is that with shocks, unlike vortical regions, characteristics dope inward toward the



shock, which naturally tends to steepen during a computation. As aresult, modelling shocksis
simpler than modelling thin vortical structures and other contact-like discontinuities which
naturally tend to spread due to numerical discretization errors and require stabilizing numeri-
cal diffusion. This results in the requirement that a “steepening” or “Confinement” term be
added to prevent artificial spreading.

Vorticity Confinement has been specifically formulated to effectively treat the difficult-to-
compute concentrated vortical regions with the same basic philosophy as shock capturing.
Although developed independently, the method, in its one-dimensional form, has some rela-
tion to Harten's “artificial compression” scheme for one-dimensional compressible flow [7].
However, the VC formulation is much ssimpler. Also, an important feature for capturing thin
vortical regionsis that VC is intrinsically multidimensional and rotationally invariant (in the
continuum limit) and is most efficient at low speed, an important feature for rotorcraft. A
number of recent papers [2, 8-14], mentioned below, describe the use of VC for incompressi-
ble flow. Further extensions to compressible flow, including supersonic, have been recently
developed [4, 15-18] but will not be described here, since we want to concentrate on low
speed flow with as few extra complications as possible. As with shock capturing, it is under-
stood that the details of the internal structure of thin vortical regions will not be accurately
treated, unless special models are developed for them. As stated above, we assume here that
these details are not important and that simple capturing alone is sufficient, i.e, they are
treated as “weak” solutions.

As background, we first mention some previous examples for which VC has been shown to be
effective. These include convecting vortex rings, which can be convected with no spreading,
yet can merge with no requirement for special logic [2]. They aso include thin shed wingtip
vortices which can be computed over arbitrarily long distances [19-20] and exhibit Crow in-
stability, including merging [19]. Computations of both of the above phenomena show close
agreement with experiment. For trailing vortex convection over very long distances (many
kilometers) the method can also serve as a zeroth order approach in this case, since turbulence
eventually induces a very slow spreading. This effect can then be smply modeled within the
VC framework, again without using very fine grids or high order methods. Examples also
include a very simple and inexpensive RANS substitute for attached and separating boundary
layers. Thisis described in Refs. (17, 21-23).

An important point that should be emphasized is that, at high Reynolds number, most vortical
regions will be turbulent. Hence, any computational method must involve, explicitly or im-
plicitly, a numerical model for the small-scale structure, since it is not feasible to directly
solve the Navier-Stokes equations for this (time dependent) structure. The structure obtained
with VC when a small-scale vortical region is captured can, thus, be thought of as just such a
model, but one that is very efficient to compute. Further, this model is intrinsicaly discrete,
defined over only afew grid cells, and is not meant to be an accurate solution of amodel pde.
The rationale for taking this approach is that it is difficult to resolve pde’s for a thin vortical
structure over long distances, even with higher order methods, if it is spread over only a small
number of grid cells (2-4). Thisis due to the well-known fact that the accuracy, or order, of a
method is only an asymptotic estimate of the behavior of the error, valid for large N, the num-
ber of grid cells across the vortical region. N=2-4 is not sufficient to apply such an estimate.
Since VC is meant to capture the feature, and not accurately solve a model pde, it gets around
this problem. Further, many features of the flow external to the core, or interior of a vortical
region are not sensitive to the details of the internal structure. For example, in 2-D, vortices
tend to evolve to an axially symmetric state [24]. Then, the only requirements for accurately



determining the induced flow external to the core are that the total circulation is conserved,
that the vortex centroid have the correct location, and that the core does not spread due to nu-
merical effects.

3.1 Vorticity Confinement M ethodology

Two formulations of VC have been developed which have similar properties: The first,
“VC1”, involves first derivatives of velocity [8, 25], while the second, “VC2” involves sec-
ond derivatives [26]. Starting from an initial condition more spread than the final structure,
VC1 acts essentially as an inward convection and relaxes to the final structure more quickly
than VC2, which acts, initialy as a negative, second order diffusion. Only the VC1 version
will be discussed in here, since it appears to be the more robust of the two versions and gives
good results. (VC2 has some additional conservation properties which may be important for
very long time convection but which are not necessary here.) We will refer to VCl asjust VC.

In the implementation of VC, for thin vortical regions in incompressible flow, “ Confinement”
terms are simply added to the conventional, discretized momentum equation. The governing
equations with VC are then discretizations of the continuity and momentum equations, with
added terms:

Om=0 1
0,0 =-00(aay [0 “8 3] @)
where § isthe velocity vector, p isthe pressure, p isthe density, and u isadiffusion coef-
ficient that includes numerical effects due, for example, to discretization of the first right hand
side (convection) term. (We assume that the Reynolds number is large and that physical dif-
fusion is much smaller than the added terms). For the last term, &S, £ isanumerical coeffi-
cient that, together with x4, controls the size and time scales of the convecting vortical regions
or vortical boundary layers. For this reason, we refer to the two terms in the brackets as the
“Confinement terms’. The vector s is defined below.

Equation (2) involves constant  and ¢, which is sufficient for many problems. If these are
not constant, such as, for example, when the grid spacing is not constant or models are used
for them, then these quantities can be taken inside any differential operators in the corre-
sponding terms.

The pair of confinement terms, which represent spreading, or positive diffusion and “contrac-
tion”, or negative diffusion, together create the confined structures. Stable solutions result
when the two terms are approximately balanced. In thisway, corrections are made each time
step to compensate for any perturbations to the vortical structure caused by convection in a
non-constant external velocity, discretization error in the convection operator, or the pressure
correction. The parameters u and £ then essentially determine the thickness of the resulting

vortical structure and the relaxation rate to that state.

It should be emphasized that stable, equilibrium structures result for a wide range of values of
these parameters: i.e. —no “tuning” is necessary for the problems we will treat. In general, for
boundary layers and isolated, convecting vortex sheets and filaments, computed flow fields
external to the vortical regions are not sensitive to the internal structures, and hence to the
parameters £ and u, over a wide range of values, and they can serve as a good approxima-
tion to the physical vortex. For example, a general thin, concentrated vortex will physically
tend to evolve to an axisymmetric configuration [24]. Further, even a rapidly rotating non-



symmetric configuration (computed or physical) will be approximately axisymmetric when
averaged over a short time [27]. Then, it iswell known that the flow outside an axisymmetric
two-dimensional vortex core is independent of the vortical distribution, and hence, for the
computed case, will not depend on £ and u aslong as the core is thin (and the filament cur-

vature is large, so that the flow is approximately two-dimensiona in a plane norma to the
filament). Therefore, the issues involved in setting these parameters will be similar to those
involved in setting numerical parameters in other standard computational fluid dynamics
schemes, such as artificia dissipation in many conventional shock-capturing schemes, which,
as explained, are closely analogous. Further, for turbulent blunt body wake flows, preliminary
studies—described in Ref. (28)—suggest that £ can be used to parameterize finite Reynolds
number effects, since it controls the intensity of the smallest resolved vortical scales (thisis
the subject of current research [29].

An important feature of the Vorticity Confinement method is that, for low speed (incom-
pressible) flow, the Confinement terms are non-zero only in the vortical regions, since both
the diffusion term and the “ contraction” term vanish outside those regions. Thus, even if there
is a second order isotropic numerical diffusion associated with the convection operator, and
the diffusion operators are only second order, outside the vortical regions the resulting accu-
racy of these terms can be third or fourth order, since this diffusion isjust the negative curl of
the vorticity.

A final point concerns the total change induced by the VC correction in mass, vorticity and
momentum, integrated over a cross section of a convecting vortex. A pressure — projection
method [30] is used to solve equations (1) and (2), so that mass is automatically conserved.
Vorticity is explicitly conserved because of the vanishing of the correction outside the vortical
regions. Finally, (in the VC2 formulation), momentum is also exactly conserved [26] because
the VC terms added to the momentum equations have a spatial derivative operator in front.
Thisis not exactly satisfied in the VC1 formulation, but errors due to the lack of momentum
conservation have been shown numerically to be small for the flows of interest here.

An important point, however, is that exact momentum conservation, in some cases, may not
be as important as other features (such as, in our case, ensuring that a convecting vortex re-
main thin) and should not be regarded as an absolute requirement (see, for example, the basic
CFD textbook—Ref. (31, pg. 60)).

Many basic numerical methods could be used for space and time discretization. We use a
simple first order Euler integration in time and second order in space with, as stated, a pres-
sure — projection method to enforce mass conservation. In conventional CFD schemes higher
order methods often must be used, usually to reduce numerical diffusion and hence attempt to
reduce spreading of thin vortical regions. Vorticity Confinement eliminates this problem and
avoids the boundary condition complexity and computational cost of the higher order meth-
ods.

Another numerical issue involves the regularity of the grid. It is important to realize that,
since a convecting vortex or separated boundary layer is captured directly on the grid, over a
few grid cells, large grid aspect ratios or rapidly varying cell sizes need not be used. If these
are avoided, VC will result in a dynamics that is close to rotationally invariant. Some modifi-
cations can be made, however, to accommodate non-uniform grids if the aspect ratio is not too
large [32-34].



As explained, the two different formulations, VC1 and VC2, have somewhat different dynam-
ics, since they differ in the order of the derivative in the contraction term. The one used for
this proposal (VC1) has been described in a number of publications and only a few details
will be presented here.

3.2VC1 Formulation

This formulation involves an expression for the “contraction term”, s, that does not explicitly
conserve momentum:

S=AX®. 3
For convecting vortices,

i =0n/|0n (4)

n=al.

For boundary layers, n is a unit vector paralel to the local normal. This term essentialy
convects vorticity within a thin vortical region either along its own gradient or along the local
normal, from the edge, or region of lower magnitude, toward the center, or region of larger
magnitude. As the structure contracts and the gradient increases, the “expansion” term, which
is alinear diffusion, increases until a balance is reached. (Thisis a well-known property of
convection-diffusion phenomena.) As explained, due to the rapid rotation of convecting con-
centrated vortices, any non-conservative momentum errors are amost completely cancelled
and the method has proved to be sufficiently accurate for many problems.

where

4 IMMERSED BOUNDARY MODEL

VC can also be especially effective as a smple treatment of “immersed” surfaces embedded
in a regular, coarse, non-confirming grid. To enforce no-siip boundary conditions on im-
mersed surfaces, first, the surface is represented implicitly by a smooth “level set” function,
“F”, defined at each grid point. This is just the (signed) distance from each grid point to the
nearest point on the surface of an object — positive outside, negative inside. Then, at each time
step during the solution, velocities in the interior are simply set to zero. In a computation us-
ing VC, thisresultsin athin vortical region along the surface, which is smooth in the tangen-
tial direction, with no “staircase” effects.

The important point is that no special logic is required in the “cut” cells, unlike many conven-
tional schemes: only the same VC equations are applied, as in the rest of the grid, but with a
different form for A, which is computed as the local surface normal. Also, unlike many con-
ventional immersed surface schemes, which are inviscid (i.e. cannot use no-dip conditions)
because of cell size constraints, there is effectively a no-dlip boundary condition. This results
in a boundary layer with well-defined total vorticity and which, because of VC, remains thin,
even after separation.

The method is especially effective for complex configurations with separation from sharp
corners. Also, even with constant coefficients, it can treat separation from smooth surfaces,
as shown in Ref. (28).

Results (tangential velocity contours) are presented in Ref. (35), for a computation on a uni-
form Cartesian with 128x128 cells, for flow over an immersed, oblique flat plate in zero pres-
sure gradient. For this flow, the velocity is ssmply set to zero at nodes below the surface. The



resulting large, diffusive numerical errors can be seen, for the case with no VC. It can be seen
that these are eliminated, to plottable accuracy, for the case with VC. All grid artefacts such as
“staircase” effects and large diffusive boundary layers are eliminated because VC now has a
smoothing effect in the tangential direction, but compresses the vorticity in the normal direc-
tion, maintaining athin, smooth boundary layer. A number of projects involving blunt bodies
immersed in regular coarse grids have been done using VC. These are reviewed in Sec. 6.
They make it clear that VC is effective for treating rotor bodies and their effect on the rotor
wake.

5ROTOR BLADE TREATMENT

Besides being able to treat the wake and body, it is important to treat the rotor blades
efficiently. We have implemented two approaches, which will serve as options in the final
code. Thefirst involves a Chimera treatment, where a blade fitted grid is used near the blades,
which is tightly coupled to an outer Cartesian grid through interpolation of velocities at each
time step [43]. This will not be described here. The second, which is more economical, is a
lifting surface treatment where the blades move through a uniform Cartesian grid. The latter
has been loosely coupled to a blade fitted grid computation to determine the circulation at
each span station of the lifting surface representation. As many users have their own circula-
tion computational methods, such as table lookups, these could also serve as economical op-
tions.

5.1 Lifting Surface Method

The VC based lifting surface method uses a localized momentum source rotating at the blade
position at each time step. This source, together with the basic flow solver on the grid, give
the same effect (for incompressible flow) as a Biot-Savart based panel method — except for
numerical diffusion. Two difficulties in conventional solvers with this approach are that vor-
ticity created by the momentum source diffuses away both from the local momentum source,
as well as the shed vorticity in the wake. Thisrequires aV C correction. To demonstrate this, a
computation was first done for an isolated wing to test this concept. A vorticity isosurface is
shown in Fig. (1 a) with no VC and Fig. (1 b) with VC (same isosurface level). A level of
20% of that value is shown in Fig. (2) to show the shed vortex sheet (with VC). In the center
plane spanwise vorticity contours are shown (along with the grid) for a computation without
VC and with VC (Fig. (3)). It can be seen that the momentum source is effective at creating
the vorticity distribution (and, hence velocity field) and that VC isimportant in confining it.

6 COMPUTATION OF FUSELAGE FLOW

The first objective for this computation was to quantify the model used for treating body sur-
faces in Cartesian grids: in particular, the ability to accurately predict surface pressure distri-
butions. First, predicted flow was compared to the exact solution for a Cauchy Riemann flow
about a two-dimensional circular cylinder. This is reported in Ref. (43). Then, the computa-
tion of convecting viscous flow over an ellipsoid was computed and compared with experi-
ment. Thisis reported in Refs. (44, 45). After this, computations of flow over a test case heli-
copter fuselage were done and predicted surface pressures at various streamwise stations
compared to wind tunnel data [43]. Then, the computation of flow over a complete Apache
helicopter, including rotor, fuselage and wake was computed. Flow around a circular cylinder
was also computed using both VC1 and VC2. Finally, the effects of vorticity shed from the
pylon on a Comanche helicopter were computed and compared (by Ted Meadowcraft Ref.
(46)) to measured values.



7 ROTOR WAKE COMPUTATION

This case was presented at the 2005 ERF [47]. It is being shown here for comparison to the
coarser grid computations, discussed below and because it exhibits a recently discovered phe-
nomenon — rotor wake “twinning”.

We fix the circulation and examine the ability of Vorticity Confinement to capture the tip vor-
tices which spiral downward. A lightly loaded 2 bladed rotor was simulated with a uniform
Cartesian grid of 128x128x128 cells. The computing time was about 2-3 hours per revolution
on a PC (Pentium 4, 2.0 GHz, 1GB RAM). The vortices remained compact, spread over only
~4 grid cells (at the 25% contour vorticity level). The 25% iso-surface is shown in Figure (6
a) from a perspective and in Figure (6 b) from a side view. The contour (down to 25% of
maximum magnitude) with the computationa grid is shown in Figure (4). The contraction and
downward motion of the vorticity are about as expected. A set of contour plots, which shows
the development of the rotor wake, are shown in Fig. (5).

A very important feature of this computation is the instability, which results in two consecu-
tive spirals eventually wrapping around each other. Thisis seenin wind tunnel experiments.

Another point concerns numerical issues. As the number of the blades is increased, or the
downwash is decreased, (for example, by decreasing the loading), the distance between the
spiral turns decreases. There is, of course, alimit where there will not be a sufficient number
of grid cells between the turns, and there will be an interaction between spirals that is a nu-
merical artefact:

For simple single tip vortices, the current theory and method are in close agreement and re-
sults are excellent -- no other Eulerian method known can achieve stable convection over ar-
bitrary long times with a vortex core of only ~ 3 cellsin diameter. When there are multiple
vorticesin close proximity, the low level "tails" away from the cores interact over along time
and certain effects emerge. One effect is the transition observed from a spiral to concentric
ring geometry for an isolated rotor wake in hover when the inter-vortex distance is only afew
grid cells. Therings still form a good approximation. However, the rings can "leap frog", as
predicated both theoretically [1] and numerically [2]. Since the angle of the actual spiral is
small and it behaves aimost like a set of rings, one would expect a similar phenomenon in the
spiral. As explained, this has recently been observed experimentally [3], and was given the
name "twinning". Thus there seems to be a connection between the well-known leap frogging
and twinning.

A rotor wake from a 4 bladed rotor is presented in Fig. (7), where the spiral separations are
smaller. The flow condition and computational setup are the same as the above 2 bladed rotor
case. The resulting set of digoint, concentric rings, not quite the spiral of Figure 6, can be
seen. However, this should be a weak effect because the actual spiral angle would be small. In
fact, sets of concentric rings have been widely used in the past with the Biot-Savart law as a
model for the spiral in vortex filament simulations because they can easily be computed.

7.1 Coar se Grid, Rapid Computations

Wefedl that it is very important to know the resolution limitations of a computational method.
To this end we implemented the same V C Lifting Surface code, whose results were described
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above, on a 64x64x64 (256k nodes) grid. The VC method degrades gracefully with decreasing
resolution and reasonable looking (and probably reasonable quantitative) results are still ob-
tained. We are now down to ~12 min./rev., or 2 hrs for 10 revolutions. Results for a 2-bladed
rotor (vorticity contours in a plane) are shown in Fig. (8), along with the grid. (As expected,
the vortices transitioned into rings). A body was then immersed in the grid and a computation
done on the same grid (in the same time). Vorticity isosurfaces are shown for this computa-
tionin Fig. (9). The effects of the body on the shed vortices can be seen.

8 CONCLUSION

A new method has been developed to treat rotor blades and wings. The method is based on
Vorticity Confinement (VC) and Lifting Surface theory. Unlike earlier panel/vortex lattice
methods, the VC based one does not use the Biot-Savart law. Instead, it is based on a primi-
tive variable, Eulerian fixed grid approach. Like recently developed methods, it uses a mo-
mentum source, interpolated onto grid nodes near the blade. However, unlike other methods,
it uses VC to confine the created vorticity to a small region near the blade surface. It is shown
that without VC, the vorticity can create an effective blade cross section that is much larger
than the actual blade, because of numerical diffusion.

An important feature of VC is that computations can be done for full rotorcraft in a medium-
size grid (~1 M nodes). These can be done on a single PC in about 2-3 hrs/rev., so that a full
solution (~10 rev.) can be done in about 20-30 hours. Where data is available, these agree
with experimental. The accuracy of the computations is consistent with the state of the art for
similar blunt body flows with turbulent wakes.

A second result is a possible explanation of the recently observed “twinning” phenomenon in
isolated rotor wakes in hover. The fact (which is known) is that a spiral wake is closely ap-
proximated by a set of concentric vortex rings lead us to relate the twinning to a well-known
behaviour of the rings — “leap frogging”. A spiral wake that exhibits twinning computation-
ally was first demonstrated. This was shown to go to concentric rings when computed on a
coarser grid which did not have as much resolution. The coarser grid results were shown to
exhibit leap frogging.

Finally, the possibility of using a very coarse grid (64x64x64) for a full rotorcraft including
blades and body, for a very fast VC based computation was explored. Although quantitative
comparisons have not been made yet, the qualitative results appear to be promising.
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9 FIGURES
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a) No vVC b) with VC
Figure 1. Vorticity Isosurface of Wing Computation
Figure 2. Vortex Sheet Behind Wing
a) No VC b) with VC

Figure 3. Spanwise Vorticity Comparison
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Figure 4. 2-Bladed Rotor Wake Vorticity Contours with Computational Grid

08T

a7 147

Figure 5. Development of Tip Vortices with Twinnig
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a) Perspective View b) Side View

Figure 6. 2-Bladed Rotor Wake Vorticity Isosurface

a) Perspective View b) Side View

Figure 7. 4-Bladed Rotor Wake Vorticity Isosurface (underresolved)
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