JOURNAL OF AIRCRAFT
Vol. 38, No. 5, September-October 2001

Effect of Wake Adaptation on Rotor Hover
Simulations Using Unstructured Meshes

Hee Jung Kang* and Oh Joon Kwon'
Korea Advanced Institute of Science and Technology, Taejon 305-701, Republic of Korea

A three-dimensional inviscid flow solver is developed for simulating the flowfield of hovering helicopter rotor
using unstructured meshes. The flow solver utilizes a cell-centered finite volume scheme that is based on the Roe’s
flux-difference splitting with an implicit Jacobi/Gauss-Seidel time integration. Calculations are performed at two
operating conditions of subsonic and transonic tip Mach numbers. A solution-adaptivemesh refinement technique
is adopted to improve the resolution of flow features on the blade surface. It is demonstrated that the trajectory
of the tip vortex can be captured through a series of adaptive mesh refinements starting from a very coarse initial
grid. It was found that not only the strength of the tip vortex, but also its trajectory, is strongly dependent on the
mesh resolution in the wake. Good agreement is obtained between the numerical result and the experiment for

both the blade loading and the tip vortex behavior.

Nomenclature

freestream speed of sound

rotor sectional pressure coefficient,
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rotor thrust coefficient, T /[ poo R? (2 R)?]
rotor blade sectional thrust coefficient,

(dT /dr) /10.5¢p0 (RR)?]

= rotor blade chord

total energy per unit volume

rotor tip Mach number, (2R) /a

fluid pressure

freestream pressure

rotor radius

radial distance along blade span

radius of tip vortex core

rotor thrust

= inertial velocity component normal to control volume

surface )
relative velocity component normal to control volume

surface ) o
Cartesian velocity components in inertial frame

Cartesian coordinates in inertial frame
circulation of tip vortex

fluid density

freestream density

vortex age of tip vortex

rotor angular velocity in the z direction
= local vorticity inside tip vortex core
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Introduction

CCURATE numerical simulation of the flowfield of helicopter
rotors is one of the most complicated and challenging prob-
lems in the field of aerodynamics. To predict the performance of
helicopter rotors, the numerical method must have a capability of
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accurately capturing the flow not only on the blade but also in the
vortical wake generated from the rotor blade tip, which significantly
affects the overall performance, vibration, and noise. Traditionally,
the wake effect has been approximated using models such as pre-
scribed or free wakes coupled with the lifting-line, lifting-surface,
full-potential, and Euler/Navier-Stokes methods.!~® Recently, di-
rect wake capturing methods based on the structured grid have been
suggested’~1° The computational grid covers the entire flowfield of
helicopterrotor and its wake so that no wake modelis required. Even
though structured grid methods avoid the problem of modeling the
complicated wake, which is strongly dependenton the rotor geome-
try and the operating condition, these methods still have an inherent
deficiency in predicting the rotor performance accurately. The tip-
vortex capturing requires very fine meshes, where the tip vortex is
located to avoid the numerical dissipationinherentin computational
fluid dynamics (CFD) methods, which results in wasting many grid
points in the computational domain away from the tip vortex and
the rotor blade due to the nature of the structured grid. Proper mesh
arrangement for the tip vortex is a very difficult task becauseits tra-
jectoryis usually notknown in advance. Some researchersutilize the
overset-grid topology for the calculation of rotor performance and
wake capturing. Hariharan and Sankar'' suggested a seventh-order
spatially accurate scheme and a moving overset grid to capture accu-
rately the rotor and wing tip vortices. Tang and Baeder'? used a grid
redistribution methodology to reduce the numerical dissipation of
vorticity and compared the predicted tip vortex core growth with the
experimental data. Ahmad and Strawn'? used an overset-grid vis-
cous method andinvestigatedthe dependencyof three differentwake
gridresolutions. They successfullytrackedthe tip vortex for 630 deg
of vortex age using up to 17.1 x 10° grid points at the finest level.

In contrast, the unstructuredmesh methodology utilizesrandomly
distributed mesh cells so that addition and deletion of grid points on
existing meshes are naturally easy as long as the cell connectivity
is properly taken care of. Thus, the unstructured mesh technique
enables a user to refine the mesh as much as needed at the local
flow region of interest. Thus, the technique based on the unstruc-
tured mesh CFD greatly relieves the difficulty structured grids have
when applied to helicopter rotor aerodynamic problems. Whereas
the tip vortex strength can be well preserved by providing a suf-
ficient number of cells through the solution-adaptive grid refine-
ment along the tip vortex trajectory, the grid density at the far field
away from the blade can be kept low to minimize the computer re-
source requirements. The solutionis obtained through several steps
of adaptive mesh refinement as the calculationevolves by searching
for cells with concentrated vorticity. Thus, the tip vortex geometry
can be naturally captured, while providing accurate influences on
the blades.
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Several attempts have been made to predict the performance of
hovering rotors using unstructured adaptive meshes. The first un-
structured mesh methodology applied to rotor flow computations
was carried out by Strawn and Barth'* using an explicit time in-
tegration and a finite volume scheme. The unstructured mesh was
obtained by dividing regular structured grids into tetrahedron. The
mesh was refined along the trace of the tip vortex, which was ex-
perimentally predetermined. The tip vortex structure was captured
successfully up to 270 deg of vortex age using more than 1.4 x 10°
tetrahedra at the finest adaptation level. Duque et al."> used overset
structured/unstructured grids with a thin-layer Navier-Stokes flow
solver. Various adaptationindicators were implemented to distribute
the grid points properly for the solution-adaptivemesh refinement.
Dindaret al.'® recently used a finite element method on unstructured
meshes to locate the vortex core trajectory by introducinga critical
theory based on the eigenvalues of the velocity-gradienttensor for
mesh refinement. After the third-level mesh refinement, the total
number of elements reached 2.3 x 10° starting from an initial mesh
of 1.2 x 10°.

Even though these unstructured mesh calculations were very suc-
cessful in accurately predicting the aerodynamic performance and
capturing the tip vortex trajectory through sequential refinements
of the mesh along the tip vortex, a certain degree of initial mesh
resolution was required to initiate the tip vortex capturing so that
the tip vortex evolves without too much numerical dissipation. This
eliminates much of the advantage of using the unstructured meshes
for rotor aerodynamic problems. In the present study, an attempt is
made to demonstratenumerically the capability of tracing the hover-
ing rotor tip vortex trajectory through a series of spatial mesh adap-
tations starting from a very coarse initial grid. The effect of mesh
refinement on the flowfield of the rotor and the tip vortex is studied.
For the present purpose, a three- dimensional inviscid unstructured
mesh parallel flow solver is developed based on a cell-centered fi-
nite volume scheme with the Roe’s flux-difference splitting. An
implicit Jacobi/Gauss-Seidel method is used for time integration.
Calculations are validated by comparing the results with available
experimental data.'’

Numerical Method

Governing Equations

The equations governing three-dimensional, inviscid, unsteady,
compressible flows are the Euler equations, which express the con-
servation of mass, momentum, and energy for a Newtonian fluid
in the absence of external forces. The equations can be recast for
helicopter rotors for absolute flow variables on a rotational frame
of reference. The equations may be written in an integral form for
a bounded domain V with a boundary oV:
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where 2 is the rotor angular velocity relative to the inertial frame
and n,, n,, and n, are the Cartesian components of the exterior
surface unit normal n on the boundary 0 V. U, is the normal relative
velocity on the rotational frame. All variables are normalized by

the freestream density, the freestream speed of sound, and the rotor
chord length. Equation (1) describes a relationship where the time
rate of change of the state vector Q within the domain V is balanced
by the net flux F across the boundary surface 0 V. The domain is
dividedintoa finite numberoftetrahedralcells,and Eq. (1)isapplied
to each cell. The state variables Q are volume-averaged values.

Spatial Discretization

The inviscid flux across each cell face k is computed using Roe’s
flux-difference splitting formula'®:

F, = 1[F(Q.) + F(Qx) — |AIQx — Q1) 2

where @, and Q are the state variables to the left and right of

the interface k and A is the Jacobian matrix of Roe-averaged flow
quantities. The last term in Eq. (2) can be represented as
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where £ is the total enthalpy, a is the sound speed, and U is the
normal velocity component of the fluid. The details of « can be
found in Ref. 19.

For a first-order scheme, the state of the primitive variables at
each cell face is set to the cell-centered average on either side of
the face. For a higher-order scheme, estimation of the state at each
cell face is achieved by interpolating the solution with a Taylor
series expansionin the neighborhood of each cell center. The cell-
averaged solution gradient required at the cell center for the pre-
ceding expansionis computed using Gauss’s theorem by evaluating
the surface integral for the closed surface of the tetrahedra. This
process can be simplified using some geometricalinvariant features
of the tetrahedra The expansion also requires the nodal value of
the solution, which can be computed from the surroundingcell cen-
ter data using a second-order accurate pseudo-Laplacianaveraging
procedure as suggested by Holmes and Connell 2!

Time Integration
A semidiscrete form of the governing equations can be written as

90, -
v ko,
at

i=1,2,3,... 3)
where V; is the cell volume and R; is the residual accrued by sum-
mation of the inviscid fluxes and the source term through the four
faces of a tetrahedral cell i. ~

The implicit scheme is obtained by evaluating the residual R; at
the time level n + 1 and by using the Euler backward difference for
time:

AQ. -
Vi— +R'"'=0 4
~ TR “)

where AQ; =QI'.'+1 — Q7. The residual I_i,'.’“ is linearized at the
time level n as
- _3R!
R =R'+—LA 5
=R+ 5500 5)

Here, dR! /0Q is the Jacobian matrix that arises from the lineariza-
tion process. The Jacobian is a very large sparse matrix because
the stencil of the high-order flux discretization at each cell face is
based on its nodes and the neighboring cell centers. To reduce the
number of stencilsinvolved and to enhance the diagonaldominance
for numerical stability, only a first-order upwind approximation of
the inviscid flux is used in the present implementation. To avoid
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the complexity and to reduce the computational cost in lineariz-
ing Roe’s flux-difference splitting scheme,'® the Jacobian matrix of
Roe-averaged flow quantities in Eq. (2) is frozen. This does not af-
fect the high-order spatial accuracy of the present scheme to obtain
steady-state solutions. The resulting implicit form of the governing
equations for each tetrahedral cell i can be written as

V. 4 9F". aS”
—I L Sij = Vie— | AQ;
|:At +; 00 aQ,} ¢
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where subscript j representsthe surroundingcell index of the current
celli.

A direct solution of the system of simultaneous equations re-
sulting from the application of Eq. (6) for entire cells requires the
inversion of a large spare matrix, which is computationally very
expensive. Instead, a Gauss-Seidel relaxation approach is used to
solve the equationsiteratively so that the summation involving AQ;
is moved to the right-handside of Eq. (6). The summation at a given
time step is evaluated using the most recent values of AQ;. A cell-
coloring scheme is implemented by regrouping cells so that no two
cells in a given group share a common face. The cells belong to
the first group are solved using a Jacobi-type iteration. The cells
in the subsequent groups are solved using a Gauss-Seidel iteration.
The details of coloring procedure can be found in Ref. 22. To ac-
celerate the convergence of the solution to steady state, local time
stepping is also used.

Boundary Condition

At the solid wall, the slip boundary conditionis used for inviscid
flows. The flow tangency condition is implemented by imposing
no flux through the wall. The grid velocity due to the rotation is
also accounted for at the solid surface. Density and pressure are
extrapolatedfrom the interior. The flux Jacobianat the wall is treated
implicitly.

At far-field boundaries, the flux is computed using flow quanti-
ties from the adjacent cells and the freestream values determined as
suggestedby Srinivasanetal.?* In this method, one-dimensionalmo-
mentum theory is used to approximate the inflow/outflow boundary
conditions by introducing a three-dimensional point sink concept
to satisfy the conservation of mass. This boundary condition is a
function of the rotor thrust coefficient, which is updated at every
iteration as the calculation proceeds.

Because of the periodic nature of the flow for hovering rotors,
calculations are performed for a single blade of the rotor, and the
periodic boundary conditionis applied between the blades. The grid
periodicity is enforced at the grid-generation process, and the cells
adjacent to this boundary are treated as interior cells so that no
interpolation of flow is required.

Parallel Implementation

The numerical method described earlier is parallelized by parti-
tioning the computational domain into several subdomains. Com-
munication of the data between each processor is achieved using
the message passing interface library. For the present cell-centered
scheme, the data communication involves flow variables at the
nodes, at the face centers, and at the adjacent cell centers of the do-
main boundaries. The partitioning is performed using the MeTiS**
library consideringthe number of cells for each processorto achieve
the load balancing. The code has been ported to a networked personal
computer cluster system with Pentium III 500-MHz CPU proces-
sors. Calculations in the present paper are performed using eight
nodes of the cluster system.

Solution-Adaptive Mesh Refinement

In the present study, the solution-adaptivemesh refinement is ap-
plied not only to capture high gradient flow regions on the blade but
alsoto better resolve the tip vortex in the wake. The mesh adaptation
indicator used for shock capturing is

e = |V2plVi @)

where the volume of each cell, V;, is multiplied to preventindefinite
cell refinement.

Becausethe calculationis initiatedon a relatively coarse mesh, the
tip vortex shows a very rapid numerical dissipation,and the definite
structure of the vortex core can be identified only in the near wake
region from the tip of the blade. To capture the tip vortex extensively
in the far wake and to preserve its strength, local mesh refinement
needs to be performed through several adaptation levels along the
tip vortex core location. The mesh coarsening is not performed.

At first, the location of local maximum of the vorticity? is
searched for every 5 deg of vortex age starting from the trailing edge
of the blade tip on two-dimensional cutting planes to locate the vor-
tex core location. The search continuesuntil the identification of the
vortex core fails due to the numerical dissipation for a given mesh
resolution. Next, the discrete vortex core locations are connected to
form a smooth curve using a three-dimensional parabolic blending.
Then, the cells on and near the captured tip vortex core trajectory
located within six times of the local cell characteristic length are
targeted for subdivision. The 1:8 division is made for the targeted
cells by inserting a new grid point at the midpoint of each line of the
six sides. Buffer cells are required between the targeted cells and the
surrounding cells to confirm a valid cell connectivity. These buffer
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Fig. 1 Surface triangulation at the computational boundaries.

Fig. 2 Blade surface triangulation and parallel partitioning after two
levels of adaptation at My =0.877.
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cells are divided as either 1:4 or 1:2. Because the targeted cells for
1:8 division are searched within six times of the local cell character-
istic length from the center of the tip vortex core, the buffer cells are
generallynotdivided subsequently as the cell size decreases. On the
solid surface, the coordinates of inserted grid points are determined
using a general three-dimensionalsurface curve fitting based on the
Hermite polynomial interpolation to guarantee the smoothness.
The flow variables are interpolated on the added cell centers, and
the calculation is resumed on the refined mesh. The refined mesh
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a) First-level adaptation (248,525 cells, 46,709 nodes)

b) Second-level adaptation (311,229 cells, 57,457 nodes)

/]

¢) Third-level adaptation (397,301 cells, 72,254 nodes)

is repartitioned for load balancing after each mesh adaptation. The
procedure is repeated until a satisfactory result is obtained for the
blade loading and the tip vortex.

Computational Details

Calculations are made for a hovering rotor at two tip Mach
numbers of 0.439 and 0.877, and the results are compared with
Caradonnaand Tung’s experimentaldata.!” The experimentalmodel
has a two-bladed, untwisted, rigid rotor. The blades are made of a
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e) Fifth-level adaptation (429,960 cells, 77,923 nodes)

¥ \'h

f) Sixth-level adaptation (444,723 cells, 80,488 nodes)

Fig. 3 Mesh adaptation sequence for the wake at My =0.439.
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NACA 0012 airfoil section with a rectangular planform of an as-
pect ratio equal to 6. Both cases computed for the present paper
have a collective pitch angle of 8 deg. The unstructured tetrahedral
meshes used for the present calculations are generated by using an
advancing-fronttechnique 2

The initial three-dimensional mesh consists of 201,719 tetrahe-
dra and 37,770 node points, which is considered to be very coarse
compared to that of other researchers.'*!® The surface triangulation

105 Experiment
r = Surface adaptation
1k A 1 Level wake adaptation with 0.05¢
3 <o 3 Level
Y o} 6 Level
0.95 [~ v 7 Level wake adaptation with 0.03c
09
x|
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o7 1 1 | I R |
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Vortex age (deg)
a) Tip vortex contraction
0.1 r Experiment
r = Surface adaptation
I~ A 1 Level wake adaptation with 0.05¢
Op o 3 Level
F o] 6 Level
I v 7 Level wake adaptation with 0.03c
-0.1 =
Z o2f
N |
03|
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o5k ) 1 ) ) 1 | | 1 | ) 1 ) | 1
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Vortex age (deg)
b) Tip vortex descent

Fig. 4 Effect of mesh adaptation on predicted tip vortex geometry at
My =0.439.

Fig. 5 Computed tip vortex core trajectory at My = 0.439.

on the blade contains 12,414 triangles and 6,209 node points. The
far-field boundaries are located at two radii downstream of the ro-
tor, one and one-half radii upstream of the rotor, and two radii away
from the center of rotation in the radial direction, which are similar
to those used by previousresearchers?!!:1314.16 Figure 1 shows the
computational domain with the surface triangles at the computa-
tional boundaries. The grid periodicity is confirmed at the periodic
boundaries between the blades in Fig. 1.

At first, calculations are made on the same initial mesh for both
subsonic and transonic cases. Then, surface adaptations are made
based on the initial mesh solution to improve the solution accuracy
on the blade. For the subsonic case, one-level mesh adaptation is
made for the high flow gradients at the leading edge and near the
tip. An additional level of surface adaptation is made for the tran-
sonic tip Mach number case for a better shock resolution. After each
of the mesh adaptation procedures, new domain partitioning is ob-
tained to achieve the load balancing for parallel computing. After
the surface adaptations, the mesh size increased to 221,772 tetrahe-
dra and 42,074 nodes for the subsonic case and 242,631 tetrahedra
and 46,543 nodes for the transonic. Figure 2 shows the blade surface
mesh after two levels of surface adaptation at transonic speed con-
firming high grid density along the shock formation. Figure 2 also
shows the partitioned subdomainboundariesfor parallelcomputing.

In the rotor wake region, six levels of mesh adaptation are made
at the subsonic tip Mach number and five levels for the transonic
case. The cells targeted along the tip vortex core locationare divided
until the characteristic length scale of each cell becomes less than

[ — — — — Surface adaptation

FIL o - I Level wake adaptation with 0.05¢
N 2 Level

———— 3 Level

s s 4 Level

[ — 5 Level

0.8 ! ——s—— 6Level

| R —e—— 7 Level wake adaptation with 0.03c

max

Vortex age (deg)

Fig. 6 Maximum vorticity of the tip vortex core along the vortex age
at M =0.439.

F Surface adaptation
r-- —mm 1 Level wake adaptation with 0.05¢
- T 2 Level
25r - — —— 3Level
B ———— 4 Level
I —— 5 Level
2r- ——=—— 6 Level
- I ———o—— 7 Level wake adaptation with 0.03¢
R o
= B
—
1 —
osf-
oL 1

| 1 | 1
90 180 270 360 450

o

Vortex age (deg)

Fig. 7 Effect of mesh adaptationon tip vortex strength alongthe vortex
age at M1 =0.439.
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0.05 fraction of the blade chord length. The cell size criterion of
the mesh adaptationis so chosen because it is equivalent to the size
of the finest wake grid used by Ahmad and Strawn.'3 In addition
to the cells along the currently detected tip vortex trajectory, an
additional 20 deg of vortex age are also adapted at each adaptation
level downstream of the last detected tip vortex core location to
preventnumericaldissipationand to help the vorticity transportation
mechanism. The additional adaptation is performed for cells on
and around a three-dimensionalcurve obtained by extrapolatingthe
current tip vortex trajectory. The final mesh consists of 444,723
tetrahedra and 80,488 nodes for the subsonic case. The final mesh
for the transoniccase contains454,028 tetrahedraand 83,008 nodes.
One additional level of wake adaptation is added for the subsonic
case by refining the cells along the tip vortex to obtain a targeted cell
size less than 0.03 chord length to test the grid size dependency. The
additionaladaptationleadsto 617,997 tetrahedraand 110,396 nodes.

The flow solverruns at an approximate speed of 160 s CPU time
per cell per iteration per processor on the personal computer cluster.
The total elapsed computational time required for the converged
solution on the finest mesh is about 11 h using eight processors.

Results and Discussion

Figure 3 shows the wake adaptation sequence for the subsonic tip
Machnumbercase.InFig. 3, targeted cells for subdivisionare shown
at several adaptation levels, which represent the relative size of the
mesh at the particular adaptation level. The surface triangulation
on the periodic boundariesis also shown in Fig. 3. It is shown that
the initial mesh has a very large characteristiccell size relative to the
blade chord length away from the blade, which is not appropriateat
all for preserving the tip vortex. As adaptations proceed and the tip
vortex establishes, the relative size of the cells decreases. After
several levels of adaptation, the cells near the tip vortex become

W¥=15,195,375 degs.

Surface adaptation

W=45,225,405 degs.

=

¥=90, 270 degs. W=135, 315 degs.

o)

1 Level wake adaptation
with 0.05¢

3 Level

6 Level

7 Level wake adaptation
with 0.03¢

Fig. 8 Vorticity contours at various vortex ages at My =0.439 (minimum= 0.02, maximum=1.00, and interval = 0.02).
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smaller than the targeted cell size of 0.05 chord length so that no
cells are allowed for subdivision as shown at the fourth level in the
near wake. At the same time, the wake adaptationis pushed farther
downstream of the wake while the tip vortex exposes itself for a
widerrange of vortex age as the numericaldissipationdecreases.The
surface triangulation on the periodic boundaries clearly represents
the effect of adaptation showing the approximate locations of the
primary tip vortex core from the current blade tip and the one from
the preceding blade.

The corresponding tip vortex geometries at each level of wake
adaptation from Fig. 3 are shown and compared with the experi-
mental data in Fig. 4. When the initial coarse mesh after the surface
adaptation is used, it is shown that the tip vortex can be identified
only up to 200 deg of the vortex age. Also, the vertical descent of
the tip vortex is predicted to be more rapid than the experiment.
As the wake adaptation proceeds and the numerical dissipation is
reduced, the tip vortex core is identified farther downstream, and
the predicted geometry of the core approaches the experiment.

Finally, after the sixth level of adaptation,the tip vortexis captured
up to 410 deg of vortex age. The result compares well with the
experiment within the accuracy of other numerical predictions.* 14
An additional adaptation with 0.03 chord length mesh size does not
significantly alter the converged tip vortex trajectory obtained after
the sixth-level adaptation. The perspective view of the predicted tip

KANG AND KWON

vortex trajectoryfrom the two bladesis shownin Fig. 5 for the vortex
age of approximately 410 deg. A very similar tip vortex trajectory
behavior is also obtained for the transonic tip Mach number case
and is not included in the paper.

InFig. 6, the effect of wake mesh adaptation on the strengthof the
tip vortex core is presented. In Fig. 6, the maximum vorticity value
inside the tip vortex core is shown for the vortex age at differentlev-
els of wake adaptation. The vorticitydistributionalong the tip vortex
trajectoryobtainedon the initialcoarse mesh shows a very rapid drop
of the value due to the excessive numerical dissipation. As the level
of wake adaptationincreases, the vorticity preservesits strength bet-
ter as expected on finer meshes. An additional wake adaptation with
0.03 chord length scale predicts higher vorticity level than that of the
final result with 0.05¢. Thus, the use of 0.03 chord length scale for
the wake mesh adaptation may not guarantee the grid convergence
as far as the maximum vorticity strength is concerned.

The overall strength of the tip vortex along the vortex age is
shownin Fig. 7 for differentlevels of wake adaptation. The tip vortex
strengthis calculated by integrating the distributed vorticity over the
vortex core at each section of the tip vortex. The approximatebound-
ary of the tip vortex core is identified to have the vorticity strength
higher than 10% of that of the maximum value at the center of the
core. The calculated tip vortex strength is normalized by the max-
imum bound circulation of the blade obtained from the converged
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Fig. 10 Growth of the tip vortex core along the vortex age at
My =0.439.
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solution after each level of mesh adaptation. For the few early mesh
adaptation stages, a very rapid dissipation of the tip vortex strength
is observed, as in the case of the maximum vorticity level in Fig. 6.
As the adaptation proceeds, the strength of the tip vortex converges
along the vortex age. It is found that the wake adaptation with 0.05
chord length scale for the present second-order spatially accurate
scheme preserves the tip vortex strength up to approximately 70%
of its original bound vortex on the blade at least for 420 deg of vor-
tex age. An additional wake adaptation with 0.03 chord length scale
improves the result by approximately 10% especially after 180 deg
of vortex age.

The predicted vorticity contours at various locations in the rotor
wake for the subsonic tip Mach number case are presentedin Fig. 8.
The azimuthal position of these cutting planes are 15, 45, 90, and
135 deg behind the blade. It is found that the tip vortex predicted
on the initial mesh is very diffusive, and only the primary tip vortex
from the current blade is reasonably well captured at 15 deg of the
vortex age. The inboard vortex sheet is also captured well at this
azimuthal location. It is shown that as the wake adaptation proceeds
providing finer meshes the tip vortex core becomes clearer not only
in the wake behind the blade but also in the region ahead of the
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Fig. 11 Pressure coefficient distributions on the blade.
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current blade location simulating the tip vortex originating from
the preceding blade. This implies that the flow periodicity imposed
by the present solver successfully transports the vorticity through
the periodic boundaries. The numerical formation of the tip vortex
from the preceding blade becomes much clearer after the third level
of wake adaptation. After the sixth level of adaptation, the third
layer of the tip vortex from the current blade after more than one
revolution is clearly captured. An additional wake adaptation with
0.03 chord length scale seems to improve the vortex resolution at all
wake locations. The inboard root vortex is also shown even though
no attempt of mesh adaptation is made.

Figure 9 shows the vertical induced velocity profile at the same
vortex ages shown in Fig. 8. As the mesh adaptation proceeds, the
captured tip vortex structure better resolvesits peak-to-peak vertical
velocityatall vortex ages, as expected from Fig. 6 and 8. The peak of
the induced velocity profile quickly disappears within the near wake
of 45 deg of vortex age without wake mesh adaptations. After the
seventh level of wake adaptation, the peak inside the wake bound-
ary is clearly identified up to 315 deg of vortex age representing
reduced numerical diffusion for resolving the tip vortex. It is also
shown that the peak of vertical induced velocity at the outer region
of the core disappears after 180 deg of vortex age due to the mutual
interaction between the current tip vortex and the one above from
the preceding blade. The size of the tip vortex core is estimated
from the vertical induced velocity profile and presented in Fig. 10.
It is demonstrated that the predicted tip vortex core size is signif-
icantly reduced from approximately 1.05 chord length before the
wake adaptation to 0.25 after the the seventh level of wake adap-
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Fig. 12 Spanwise sectional thrust coefficient distributions.
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Fig. 13 Convergence history of the rotor thrust coefficient at
My =0.877.

tation at 90 deg of vortex age. Although the predicted tip vortex
core diameter is slightly bigger than typical values of 10-15% of
the blade chord length, the qualitative behavior is consistent with
experimental results?’-?8 showing a rapid initial growth followed by
a logarithmic trend in its size.

Figure 11 shows the surface pressure coefficient distributions at
several radial locations of the blade for both subsonic and transonic
tip Mach numbers. The converged results from the mesh adaptation
show good agreement with the experimental data. Slightly better
results are shown near the leading edge of the blade due to the im-
proved meshresolution,particularlyfor the subsoniccase. A sharper
shock definition is also obtained after a couple of surface mesh re-
finements for the transonic tip Mach number operating condition. It
is also shown that the wake mesh adaptation changes the predicted
value of pressure particularly on the lower surface of the blade at
spanwise locations near the blade tip. This is due to the interac-
tion between the blade and the tip vortex from the preceding blade,
which passes under the current blade at approximately 85% span-
wise location with an enhanced vortex strength resulting from the
wake mesh refinement.

Figure 12 shows the sectional thrust distributions along the
blade span at the two tip Mach numbers. The predicted values are
slightly higher than the experiment especially toward the tip of the
blade, which is consistent with the results obtained by previous
researchers.!>!* The strong tip vortex formation under the blade
with refined meshes induces an upwash causing an effect of in-
creasing the local effectiveangles of attack at the outboard of the tip
vortex location originating from the precedingblade. The vortex age
of 180 deg is the location where the tip vortex has the most influence
on the blade airloads. The effect of additional wake adaptation with
0.03 chord length scale is not very significant as far as the sectional
loading is concerned.

Finally, the convergencehistory of total rotor thrust coefficient is
presentedfor the transonic tip Mach numberin Fig. 13. The first few
levels of wake adaptation increase the total thrust as the tip vortex
formation gets strongeras describedearlier for the sectionalloading
distributions. The predicted total thrust is slightly higher than that
of the experiment mainly due to the lack of viscous mechanism of
the presentinviscid flow solver.

Conclusions

A three-dimensional inviscid flow solver is developed for
simulating the flowfield of hovering helicopter rotor using a
solution-adaptive unstructured mesh refinement technique. It is
demonstrated that an accurate prediction of both the blade load-
ing and the tip vortex trajectory can be achieved through a series
of surface and wake mesh adaptations with the final mesh size
less than 500,000 cells. The local wake mesh refinement proce-
dure enables capturing the tip vortex up to 420 deg of the vortex
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age by reducing numerical dissipation. The cell subdivision using
a 0.05 chord length adaptation scale seems to be sufficient for the
accurate prediction of blade loading and the tip vortex preservation
using the presentsecond-orderspatially accurate numerical method.
An additional refinement test with a 0.03 chord length scale is also
performed for a grid size dependency test. Calculations are per-
formed for two experimental rotor operating conditions. The results
show good agreement with experimental data for both the blade
loading and the tip vortex behavior.
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