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Abstract

In this paper we present a 3D computational technique for simulation of complex, real-world flow problems with fast-rotating
mechanical components. This technique is based on the Deformable-Spatial-Domain/Stabilized Space-Time (DSD/SST) formulation,
Shear-Slip Mesh Update Method (SSMUM), and an efficient parallel implementation for distributed-memory parallel computing
platforms. The DSD/SST formulation was developed earlier for flow problems with moving boundaries and interfaces, including flows
with moving mechanical components. The DSD/SST formulation requires, as a companion method, an effective mesh update strategy,
especially in complex flow problems. The SSMUM was developed to meet the mesh update requirements in simulation of flow
problems with fast translations, and recently, with a new version of SSMUM, fast rotations. As an example of the class of challenging
simulations that can be carried out by this technique, we present computation of flow around a helicopter with its rotor in mo-
tion. © 2001 Elsevier Science B.V. All rights reserved.

1. Introduction

Flow problems with rotating mechanical components form a special subset of more general class of
problems with moving boundaries and interfaces, such as free-surface and two-fluid flows, fluid—structure
and fluid—object interactions, and flows with moving mechanical components. In recent past we developed a
number computational methods to address this general class of problems. These methods include the
Deformable-Spatial-Domain/Stabilized Space-Time (DSD/SST) formulation [1,2], which is an interface-
tracking method; the Enhanced-Discretization Interface-Capturing Technique (EDICT) [3], which is par-
ticularly effective for free-surface and two-fluid flows; and advanced mesh update methods [4] designed in
conjunction with the DSD/SST formulation. These methods were applied to a wide range of complex
problems of engineering interest, such as free-surface flows in channels and past hydraulic structures such
as dams, and liquid sloshing in moving containers, such as tanker trucks.

The mesh update methods developed in conjunction with the DSD/SST formulation and applied to
many complex flow problems include special-purpose (problem-specific) and automatic (problem-inde-
pendent) mesh moving techniques. In most cases, the automatic mesh moving needs to be combined with
remeshing. Remeshing, defined as creating new inter-element connectivity and sometimes new set of nodes,
could be a bottleneck, depending on factors such as how frequently and how locally remeshing is required
and whether an automatic mesh generator needs to be called at each remesh. Limiting the frequency of
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remeshing would limit the applicability to problems with modest changes in the spatial domain. Generous
use of remeshing would lift such limitations, but would result in excessive costs in terms of automatic mesh
generation and projection of the solution from the old mesh to the new one. Furthermore, these projections
introduce additional inaccuracies to the computation, which, depending on the frequency and scope of
remeshing, could be excessive.

The Shear-Slip Mesh Update Method (SSMUM) [5,6] was designed to accommodate some specific
classes of problems which could be handled with the DSD/SST formulation, without limitations on the
frequency of remeshing. These problems are characterized by large, but linear or rotational, motion of some
parts of the boundary with respect to other parts. This situation occurs when one object forming the
computational boundary undergoes translation or rotation with respect to other boundaries. The under-
lying idea is to introduce a regular, typically “hand-made”, layer of elements, restrict remeshing to that
small layer, and control projection errors by limiting remeshing to changes in inter-element connectivity.
With this approach, the cost of remeshing becomes negligible, and consequently, such remeshing can be
carried out frequently, even at every time step.

We reported earlier examples of how SSMUM can function in 2D and 3D parallel computation of flow
problems with rotating objects. These examples were 2D computation of flow past two counter-rotating
squares [5,6] and 3D computation of flow past a rotating propeller [6]. Here, we continue our development
of the SSMUM to the point of being applicable to a challenging problem: flow past a helicopter with its
main rotor in motion. With this problem, we are able to demonstrate that, with proper enhancements, the
SSMUM can be very effective in 3D computation of flow problems where two objects in close proximity
(the fuselage and the rotor) are in relative motion.

A summary of the governing equations for the flow problem is given in Section 2, and the DSD/SST
formulation is reviewed in Section 3. In Section 4, we provide a brief review of the SSMUM and a dis-
cussion of its implementation. We report the results from the helicopter simulation in Section 5, and present
our concluding remarks in Section 6.

2. Governing equations

We will assume that the flow problem under consideration is governed by the time-dependent
Navier—Stokes equations of incompressible flows. This is not necessarily true throughout all of the flight
regime of the helicopter under consideration, but is nevertheless a suitable assumption for some por-
tions of its flight envelope. Furthermore, the concepts described in this paper, including the DSD/SST
formulation and SSMUM, are applicable also to the Navier—Stokes equations of compressible flows.
Here we consider a viscous, incompressible fluid occupying at an instant ¢ € (0,7) a bounded region
Q, C R™, with boundary I',, where ny is the number of space dimensions. In the DSD/SST formu-
lation, the spatial domain may change with respect to time, and the subscript ¢ indicates such time-
dependence. The symbols u(x,¢) and p(x,¢) represent the velocity and pressure. The external forces
(e.g., the gravity) are represented by f(x,¢). The momentum and mass balance equations can be written
as follows:

P(%"‘U'Vu—f)_v'lf:ﬂ on @ Vte(0,7), "
V-u=0 on @ Vte(0,7), ¥

where the density p is assumed to be constant. The stress tensor ¢ can be decomposed into its isotropic and
deviatoric parts

a(u,p)=—pl+T. (3)

We consider only the Newtonian fluids, for which the deviatoric stress is related linearly to the strain rate
tensor
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1
T =2ug(u), &(u)= 3 (Vu + (Vu)T), (4)
where p is the dynamic viscosity. The Dirichlet and Neumann-type boundary conditions are represented as:

u=g on (I'), (5)
n-e¢=h on (I',), (6)

where (I'1), and (I';), are complementary subsets of the boundary I’,.
The initial condition consists of a divergence-free velocity field specified over the entire domain

u(x,0) = uy, V-u=0 on €. (7)

In most cases, the meshes used would not have sufficient resolution to resolve the flow features well enough
to fully capture turbulence effects at high Reynolds numbers. This makes it necessary to use some type of
turbulence model. While turbulence modeling is a wide area with many different kinds of approaches, here
we use a simple Smagorinsky turbulence model. In this model, the kinematic viscosity v = u/p is augmented
by an eddy viscosity v, which is defined as

v, = (Ch)*(2&(u) : &(u))"?, (8)

where Cis a constant and / is the element length. The element length is defined here as the maximum of the
edge lengths for the element. See [7] for details and references on the turbulence model, and [8] for early
definition.

3. Deformable-Spatial-Domain/Stabilized Space-Time (DSD/SST) formulation

In the DSD/SST approach the finite element formulation of the governing equations is written over the
associated space-time domain of the problem, with the option for the spatial domain to change its shape in
time. This approach is naturally suited for problems involving moving boundaries and interfaces, as the
deformation of the spatial domain is taken into account automatically. To construct the finite element
function spaces for the space-time method, we first partition the time interval (0,7T) into subintervals
I, = (t,,t,.1), where ¢, and ¢,,; belong to an ordered series of time levels 0 = < # <--- <ty =T. Let
Q,=Q, and I', = I',,. We will define the space-time slab Q, as the domain enclosed by the surfaces Q,,
Q,.1, and P,, where P, is the surface described by the boundary I'; as ¢ traverses /,. As it is the case with I,
surface P, is decomposed into (£,), and (P,), with respect to the type of boundary condition (Dirichlet and
Neumann) being applied.

For each space-time slab Q,, we define the following finite-dimensional trial solution (), and (7),)
and test function ((#), and ("V’f,)n) spaces for the velocity and pressure:

(), = {u" [u" € [H"(0)]", w' =¢" on (P),}. 9)
(), = {W W e [ 0)]™, w=0 on ()}, (10)
(S8, = (Ol = {p | " € H"(0)}, (1)

where H'(Q,) represents the finite-dimensional function space constructed over the space-time slab O, by
using first-order polynomials in space and in time. The interpolation function spaces are discontinuous in
time and continuous in space.

The stabilized space-time formulation of Egs. (1) and (2) can then be written as follows: given (u”) , find
v € (7}), and p" € (S1), such that vw" € (77), and Vg" € (¥7),:
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The following notation is being used in Eq. (12):

(")} = limu(s, + ), (13)

/Q”-~-dQ:/In/Q¢--~det, (14)
/P”---dP:/’n/rﬁmdth. (15)

The definitions of the stabilization parameters Tyom and tcont can be found in [9].
The solution to Eq. (12) is obtained for all of the space-time slabs Oy, Oy, . . ., Oy_1 sequentially, and the
computations start with

")y = ug. (16)

The nonlinear system given by Eq. (12) is solved with the Newton—-Raphson method. The large linear
system that arises at each step of the Newton—-Raphson algorithm is solved in turn by using an iterative
solution technique with the Generalized Minimum Residual (GMRES) [10] update method.

4. Shear-Slip Mesh Update Method (SSMUM) and its implementation

With the SSMUM approach, the DSD/SST formulation can be very effectively applied to modeling of
geometries undergoing large but regular deformations, such as straight-line translations or rotations. This
is accomplished by letting, at each time step, the elements in a thin zone of the mesh to undergo ‘“‘shear”
deformation, and remeshing this zone, with the required frequency, by regeneration of inter-element
connectivity. The idea behind the special-purpose mesh design is the matching of the node positions in the
old (deformed) and new (good-quality) meshes, so that the projection step can be skipped. Since only a
small part of the overall connectivity is being regenerated, the computational cost is negligible. And because
the meshes are designed so that node positions after the remeshing coincide with other node positions
(before remeshing), the regeneration of the connectivity in the thin zone can be referred to simply as re-
connecting. A typical sequence of events is shown in Fig. 1.

Applications of the SSMUM are based on special-purpose mesh designs which combine regions of rigid,
non-deforming elements with layers of shear-absorbing, deforming elements. A translating object is em-
bedded in a strip (in 2D) or tube (in 3D) of rigid elements that move “‘glued” to that object. Similarly, a
rotating object is embedded in a disk of rigid elements which rotate glued to that object. These non-
deforming regions are immersed in another set of non-deforming elements spanning the exterior boundaries,
and connected with the previously described shear-slip layer. This concept, which was discussed in more
detail in [6], is illustrated for the 2D case in Fig. 2.

Let us now limit our attention to cases of 3D rotation, such as the main rotor of a helicopter, to be
covered in Section 5. The shear-slip layer in this case surrounds a 3D object (the rotor) which is rotating
around its main axis. The most natural layer design is an axisymmetric disk with its main axis coinciding
with the axis of rotation. The disk may or may not have openings at either of its points of intersection with
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| l Deformation I I Reconnect| l

Fig. 1. Shear-slip layer concept in 2D (top) and 3D (bottom): the sequence of deformation followed by reconnecting.

Fig. 2. Shear-slip layer concept: special-purpose meshes. Regions of deforming elements are shown in grey, and regions of rigid
elements are shown in white.
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Fig. 3. Shear-slip layer disk: (a) regular, (b) semi-regular and (c) unstructured design.

the axis, depending on whether the rotating object is free or attached, with a spindle or axle, to other objects
outside the layer. Some options for the disk layer mesh are illustrated in Fig. 3. The regular, semi-regular
and unstructured designs shown can all be used with the SSMUM approach.

Of the examples shown in Fig. 3, the first two have been actually constructed for the purpose of the
helicopter rotor simulation. They feature an opening at the bottom where the rotor hub must penetrate the
shear-slip layer, and the thickness of the layer is reduced in the vicinity of that opening, so that small
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clearance between the fixed (exterior) and rotating (interior) objects can be accommodated. The third
example in Fig. 3 is for illustration purposes only. Both the regular and semi-regular designs have a one-to-
one correspondence between surface elements on the interior and exterior surfaces. These pairs of trian-
gular elements are then connected to create a prism “super-element”’, which is then subdivided into three
tetrahedra. As the inner disk rotates, new surface nodes on the inner surface become aligned with the
surface nodes on the outer surface. The prisms which contain these nodes can be then recreated (in a
process we refer to as reconnecting), so that original element shapes are restored, as was shown previously
in Fig. 1. In the case of the regular design, Fig. 3(a), all the elements in the layer are recreated at the same
time, at intervals which are determined by the circumferential resolution of the surface mesh, time step, and
the desired rotation velocity. As can be inferred from the Fig. 1, the reconnecting is a local process within
the basic prisms into which the shear-slip layer is subdivided. This fact lends a degree of simplicity to the
design, which is in fact the one chosen in the application example in Section 5.

The regular design of the layer disk has two drawbacks. First, the need to maintain the same number of
elements in the circumferential direction throughout the disk leads to high aspect ratios close to the axis and
at the outer rim. Second, all the “peels” of the layer meet at the axis (in our case on the top surfaces only),
creating abnormally high edge-to-node ratio for several nodes. This can adversely affect load-balance and
communication stages in distributed-memory implementations. The semi-regular design of the shear-slip
layer, Fig. 3(b), does not exhibit these flaws. However, the process of reconnecting can be no longer
synchronized for all the elements. The elements further removed from the axis, which undergo larger
displacement, must reconnect more frequently, while the elements close to the axis will reconnect only
rarely. The reconnecting is no longer localized within the prism super-elements, and certain number of
inter-element transformations (edge-swapping) is necessary to maintain mesh validity.

Both regular and semi-regular designs have so far been created with special utilities. Another, slightly
more automatic, approach to generating and regenerating shear-slip layers would involve creation, in the
preprocessing phase, of a number of layer meshes. Each layer mesh would correspond to different angular
displacement of the inner mesh with respect to the outer mesh. For example, if the period of rotation of the
inner mesh is being divided into N time steps during the simulation, then the preprocessing phase would
include the generation, with an automatic mesh generator, of N meshes filling the shear-slip layer, which
would connect the outer surface of the layer mesh with its inner surface at all N possible stages of angular
displacement. These meshes would then be progressively read in during the simulation, and used to connect
the rigid portion of the mesh. Unlike the previous approaches, this unstructured design of the shear-slip
layer, Fig. 3(c), does not require any particular structure from the surface meshes bounding the shear-slip
layer, and therefore allows for their generation via an automatic surface mesh generator.

5. Numerical example

In this section, we apply the DSD/SST formulation and SSMUM to computation of flow past a heli-
copter with its main rotor in motion. Due to the relative motion between the rotor and the fuselage, the
problem cannot be handled by attaching a moving reference frame to the rotor. In the current simulation,
the smaller, tail rotor is omitted from the model, but in principle the SSMUM approach could be used to
model it as well.

The computational domain, shown in Fig. 4, has dimensions 30.00 m x 20.00 m x 20.00 m. This
domain is being viewed from the quadrant (—x, —y, —z). The fuselage of the helicopter is modeled after
Boeing Sikorsky Comanche prototype, although an exact reproduction of a particular type of helicopter
was not among our top priorities. The length of the fuselage (without the rotor) is 13.22 m. The main rotor,
with five blades, has a diameter of 11.90 m, and its axis coincides with the z-axis of the domain. The shear-
slip layer is an axisymmetric shell with interior radii of 6.00 m and 0.25 m, and a mostly uniform thickness
of 0.10 m. The shell is closed, except for the opening at the base of the rotor. To accommodate the close
spacing between the top of the fuselage and the rotor blades, the thickness of the layer in that area is
reduced to 0.04 m.The mesh consists of 361,434 space-time nodes and 1,096,225 tetrahedral elements, and is
shown in Figs. 5 and 6.The regular shear-slip layer, which is one element thick, has 80 segments in the
circumferential direction and 100 segments in the radial direction. This layer goes through shear
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Fig. 4. Flow past a helicopter: boundaries of the computational domain.
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Fig. 5. Flow past a helicopter: selected boundaries of the initial mesh.
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deformation during each time step, and at the end of the time step re-connects to the new nodes belonging
to the rotating interior disk. The unstructured meshes in both the inner (rotating) and the outer (stationary)
rigid regions of the domain were generated using an automatic mesh generator [11]. The structured mesh
which fills the shear-slip region was generated manually. Two different cross-sections of the mesh are shown
in Figs. 7 and 8. The helicopter is assumed to be in a forward horizontal flight, and a free-stream velocity of
(10.0, 0.0, 0.0) m/s is imposed at the upstream boundary. The Reynolds number based on the upstream
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Fig. 6. Flow past a helicopter: close-up view of the surface meshes for the fuselage, rotor, and the top portion of the inner boundary of

the shear-slip layer.

Fig. 7. Flow past a helicopter: cross-section of the mesh through the center of the rotor hub in the x—y plane.
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£

Fig. 8. Flow past a helicopler: cross-section of the mesh in the x-z plane.
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Fig. 9. Flow past a helicopter: air pressure at = 0.562 s on the fuselage surface (left, limits —250 N/m® < p < +250 N/m?) and rotor
surface (right, limits —4000 N/m® < p < +2000 N/m?).

& <

Fig. 10. Flow past a helicopter: iso-surfaces at ¢ = 0.562 s corresponding to |u| = 40 m/s (left) and 50 m/s (right).
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velocity and the main rotor diameter is approximately 8 x 10°. In the Smagorinsky turbulence model we
use C =0.15. Zero normal velocity and zero shear stress conditions are specified at all transverse
boundaries, and a traction-free condition is imposed at the outflow. The steady-state solution at Reynolds

Fig. 11. Flow past a helicopter: iso-surfaces at ¢ = 0.562 s corresponding to p = —1000 N/m® (top left), —300 N/m” (top right).
+100 N/m? (bottom left), and +500 N/m?* (bottom right).
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Fig. 12. Flow past a helicopter: time-histories of the forces acting on the fuselage and rotor.
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number 8 serves as the initial condition. The unsteady flow is computed for 480 time steps with a time step
size of 0.00234 s. The rotor is rotating in counter-clockwise direction when viewed from the top, with a tip
velocity of 200 m/s.

Fig. 9 shows, at t = 0.562 s, air pressure on the surface of the fuselage and rotor. Fig. 10 shows, at the
same instant, two iso-surfaces of the magnitude of the velocity, showing clearly the rotor wake and its roll-
up. Fig. 11 illustrates the pressure field by using four selected iso-surfaces. Time-histories of the forces acting
on the fuselage and rotor are shown in Fig. 12.

This computation has been carried out on a CRAY T3E-1200. At every time step the coupled, nonlinear
equations are solved with four Newton—Raphson iterations. The coupled, linear equations that need to be
solved at each Newton—Raphson step are solved also iteratively, with the GMRES update techniques with a
Krylov space size of 40.

6. Concluding remarks

We presented a 3D computational technique for simulation of complex flow problems with fast-rotating
mechanical components. We specifically targeted simulation of flow past a helicopter with its main rotor in
motion. The technique we developed is based on the DSD/SST formulation, SSMUM, and an efficient
parallel implementation for distributed-memory parallel computing platforms. The DSD/SST formulation
can handle flow problems with moving boundaries and interfaces, including flows with moving mechanical
components, but requires, as a companion method, an effective mesh update strategy. This requirement
becomes especially critical in complex flow problems. The SSMUM, with specially-developed enhance-
ments for flow past a helicopter with its rotor in motion, has been used to support the DSD/SST formu-
lation in the simulation we reported in this paper. This simulation demonstrates that the computational
technique we developed for this class of problems is very effective and has the potential of opening new
doors in simulation of real-world problems.
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