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Euler Computations of Rotor Flows
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An unstructured rotating mesh methodology is developed for the Euler flow computation over rotor blades.
A two-zone unstructured mesh is set up with one rotating zone encompassing the blade and one stationary zone
extending to the far stream. The rotating zone rotates rigidly with the blade and slides against the stationary zone.
The sliding zonal interface is specially designed to enforce the flux conservation between the two zones. The Euler
equations are solved in the inertial frame for both zones. The flowfield of a helicopter blade in hover and in forward
flight are computed to validate the present methodology.

Introduction

HE accurate computationof a helicopter flowfield is important

for proper and efficient airload predictions in forward flight
and hover. The aerodynamic environment and loads for a rotorcraft
in flight are constantly changing. Strong tip vorticesin the unsteady
rotor wakes dominate the flowfield, making accurate aerodynamic
predictions very difficult. Recent advances on computational fluid
dynamics (CFD) have made it possible to accurately obtain rotor
bladeaerodynamicsby solving the Euler or the Navier-Stokes equa-
tions. Srinivasanetal.! and Srinivasanand Baeder® used a thin-layer
Navier-Stokes method for forward-flight simulation of a nonlifting
rotor blade as well as a rotor in hover. Chen and McCroskey® and
Agarwal and Deese* solved the Euler equations. The governing
equationsin these methods are formulated in rotating frame and are
recast in the absolute-flow variables, generating source terms in the
formulation. These methods use single-structured grids, making it
difficult to investigate the aerodynamicinterferencebetween a rotor
and the fuselage. Another notable advance in CFD method is the
use of moving overset grids or the chimera method.>® The chimera
method is capable of solving the transient flow about multiple bod-
ies moving relative to each another. However, the chimera method
requires efficient determination of the connectivity and the interpo-
lation coefficients between the overset grids, which is not at all an
easy task.

In this paper the Euler flowfield about a rotating blade is solved
on a two-zone unstructuredmesh. The two zones are set up such that
one stationary zone contains the stationary objects, such as a heli-
copter fuselage and the far-field boundaries, and one rotating zone
encompasses the rotating blade and rotates rigidly with the blade.
The two zones have a sliding motion relative to each other along
the zonal interface. The meshes in both zones are unstructured, but
the zonal interface is specially designed such that certain geometric
periodicity can be utilized to reduce the complexity of the sliding
interface. With a proper treatment of the flux conservation through
the zonal interface, the governing equations can be solved in the
inertial frame of reference for both zones. This strategy of unstruc-
tured rotating mesh is simple and powerful when dealing with rotat-
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ing objects in the flowfield. Several examples of helicopterblade in
hoverand in forward flight are computed and compared with the ex-
periment. Finally, a propeller-wing-body combinationis computed
to demonstrate the applicability of the present method to complex
configurations.

Unstructured Euler Solver
The semidiscrete form of the Euler equations can be written as

00V,
ar

FNAS,;=—R
J=k(@)

M

where Q; is the volume-averaged conserved variables of cell i, V;
the volume of cell i, k(i) the list of neighboring cells of cell i,
AS; ; the area of the cell interface between cell i and cell j, and
Fl"j the numerical flux through AS; ;. The right-hand-sideoperator
R;’is equivalent to the surface integral of flux functions over the
control surfaces enclosing cell i. The conserved variables and the
flux functions are given by
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where p is the density, v the fluid velocity vector with Cartesian
components #, v, and w, v, the velocity vector of the cell interface,
n the surface normal of the cell interface, p the pressure, and E the
total energy per unit mass of the fluid. The ideal gas law is assumed
for the equation of state. All variables are normalized properly by
their reference values. For example, the velocity is normalized by
the freestream speed of sound a.,, the pressure by p,aZ , etc.
When the grid is moving, the cell face velocity v, must satisfy
the geometric conservationlaw governing the rate of change of cell

volume:
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where vy, is the grid speed in the cell face normal direction. Note
that Eq. (3) can be derived from Eq. (1) by setting Q to a constant
vector.
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The Eulersolverusedin this work hasbeen validated’-® for steady-
state computations. The numerical flux function F"; through the
face centeris evaluatedby a MUSCL-type upwind flux-differencing
scheme based on Roe’s approximate Riemann solver. For second-
order spatial accuracy, Frink’s® interpolation is used to obtain
the conserved variables at face centers. Frink’s interpolation re-
quires cell-vertex variable values, which are obtained by a volume-
weighted averaging of the surrounding cell-centered values.

The time integration of Eq. (1) from time step n to n+ 1 with
subiterations can be written as
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where the superscripts is the subiterationindex. Equation (4) is time
accurate in the sense that when subiteration in s converges, Q**!
isequivalentto Q" *!. It is second-ordertime accurate with @ = 0.5
and first-order with 6 = 1.

The implicitoperatorof Eq. (4) is simply the Jacobian of the right-
hand-side terms. To reduce the bandwidth of the implicit operator,
only first-order spatial accuracy is used on the implicit side whereas
the explicit side is kept unchanged. The implicit operator is further
split into a diagonal part D, a lower triangular part L, and an upper
triangularpart U. Neglectingthe subscripti, an approximatelower—
upper factorizationscheme (ALU)'® for the preceding equation can
be written as

(D+L)YD™Y(D+U)AQ* =Res* 3)

The error introduced by the factorization is LDT'UAQ".
Equation (5) has three factors on the implicitside. Normally a three-
step inversion process is needed to solve it. In this paper a more
efficient two-step inversion process is employed as

(D4 L)AQ* = Res’, (D+U)AQ* =Res’ — LAQ* (6)
where AQ* is an intermediate solution. To further simplifiy the
inversion process, on the implicit side of Eq. (6) the absolute flux
Jacobian is replaced by the spectra radius of A, or p4, the positive
flux Jacobian AT by 0.5(A + p,) and the negative flux Jacobian
A~ on by 0.5(A — p,). This in effect has modified the operator
D to a scalar diagonal matrix. The solution process of Eq. (6) is
explicit and requires only matrix-vector multiplication and scalar
operations. The converged solution of Eq. (6) remains the same
order of accuracy in time and space as that in Eq. (4).

Sliding Zonal Interface

Two zones of unstructured mesh, one stationary and one rotating,
are set up. The rotating zone encloses the blade, rotates rigidly with
it, and consequently slides against the stationary zone. The sliding
zonal interface is cylindrical with circular cross sections as shown
in Fig. 1. There are disklike planar interfaces on both ends of the
cylinder and ringlike circumferentialinterfaces, as shown in Fig. 2.
On both kinds of interfaces, circular paths centered at the axis of
rotation are drawn such that the zonal cell vertices rotate along
these paths. The interfacial triangles between two circular paths
are distributed with fixed geometric periodicity such that the span
of each period in azimuth angle ¥ is 27 /N, where N is the total
number of period in one revolutionof rotation. Each period contains
afixed pattern of triangles. For simplicity,only a two-trianglepattern
and a three-triangle pattern shown in Fig. 3 are used.

On ringlike circumferential interfaces, the gap between circular
pathsis designedto be constant. The two-triangle pattern and a con-
stant N are used for all circumferential interfaces, as can be seen
in Fig. 2. On disklike planar interfaces, the circular paths are actu-
ally coplanar concentric circles with constant increment in radius.
The gap area between two concentric circular paths in this case be-
comes progressively larger as the radius becomes larger. Thus, the
number of triangles between two circular paths should vary to avoid
unacceptable triangle quality. In this work we use the two-triangle
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Fig. 2 Periodic patterns on disklike and circamferential interfaces.
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Fig. 3 Zonal interface.
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Fig. 4 Crossover patterns of a) two-triangle period, b) first-half of
three-triangle period, and c¢) second-half of three-triangle period.

pattern and the three-triangle pattern alternatively between paths to
obtain a smooth variation of triangle distribution. This is demon-
strated on the disklike interface in Fig. 2, where the arrangement of
atwo-triangle pattern followed by a three-trianglepattern and then a
two-triangle pattern again changes the number of triangles between
two planar circular paths from M to 1.5M to 2M. Note that in Fig. 2
the innermost triangles share the central axis as the common vertex.
They can be viewed as a special two-triangle arrangement.
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Fig. 5 Surface triangles on NACA 0012 blade.
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On the stationary zone, the zonal interface is set up exactly the
same way as that on the rotating zone. Before grid rotation, the two
zones are connected on the zonal interface node by node without
mismatch. When the rotating zone rotates, the interfacial area be-
tween two circular path lines rotate as a rigid ring, and the triangles
on each ring cross over those on the corresponding stationary ring.
Because of the simplicity of the geometric patterns described, the
patterns of crossovercan be easily determined. For example, Fig. 4a
shows the crossoverpattern for the two-trianglepattern with six sub-
areas. The crossover patternfor the three-trianglestructure is shown
inFig. 4b for the first-halfof period and in Fig. 4c for the second-half
of period, each with 10 subareas. Once the crossoverpatterns are de-
termined, the nextstepis to calculatethe fluxes througheach subarea
justidentified and thento distribute these fluxes to the corresponding
tetrahedral cell on both sides of the subarea.

To ensure flux conservation, the fluxes through the zonal inter-
face is computed once on the stationary zone and distributed to the
rotating zone. The global flux conservation between two zones can
be guaranteed if the fluxes through each and every subarea have
been accounted for and distributed to the rotating zone. However,
the local flux conservationwill depend on the accuracy of the fluxes
througheach subarea. There are two simplifications in the flux com-
putationthat should be mentioned here. The first one is the represen-
tation of curved surfaces and curves. Ideally, the zonal triangles just
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Fig. 6 Pressure distribution at different spanwise stations for two nonlifting blades in hover, NACA 0012,AR =6,M,=0.52,and 6, = 0; line, computed

data and symbols, experimental data.
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describedhave curved surfaces or circularedges. Althoughitis pos-
sible to compute the actual area of a curved surface and to integrate
the fluxes throughit, in this work the circularring structureson both
types of interface are relaxed to two-dimensional straight coplanar
bands with periodic conditions on both ends. Under this simplifica-
tion, the triangles and subareas on the zonal interface have straight
edges, which greatly simplifies the area computation. In our case, it
is easy to determine that these subareas are either linear or quadratic
functionsin time or in azimuth angle ¢ when the angular speed is
constant. The normal vector of each subarea is taken the same as
that of the stationary triangular interface containing the subarea.
The second simplification is for the variable distribution on the
zonalinterface. On each subarea, a local Riemann problem s solved
to compute the fluxes throughit. The two Riemann states on the sub-
areaneed to be evaluated from the cell-centervalues on both sides of
the subarea. For first-order spatial accuracy, a constant variable dis-
tributionis takenforeach tetrahedralcell containingthe subarea. For
second-order spatial accuracy, a linear variable distribution should
be used to compute the Riemann states at the center of each sub-
area. Remembering that the Frink’s interpolation has been used to
compute the cell-face center values, it is further assumed that the
Riemann states of a subarea are equal to the cell-face center values
of the triangle containing the particular subarea. This is equivalent
to assuming a zero gradient on the triangularinterface, even though
a linear gradient (Frink’s method) is used for the tetrahedron. The
spatial accuracy of the interface calculation under the preceding
assumption is greater than first order, but lower than second order.

0.25 0.5

The simplifications employed inevitablyintroduce some errorsin
the computation of fluxes. Fortunately, these errors decrease as the
number of zonal triangles increases. The actual influences of these
errors on the solutions are problem and mesh dependent. Careful
validations should be performed before a zonal interface can be
accepted in the routine computations. In our work, a freestream
correction!! term is added to the right hand side of Egs. (1) and (4)
to reduce the impact of these errors.

Grid Velocity

The grid velocity v, for each cell face of the rotating zone follows
the rigid-body rotation v, =€ x r where Q2 is the vector of angular
velocity and r is the distance vector to the center of zonal triangle.
Here it is assumed that the axis of rotation passes through the origin
of the distance vector. For all rotating cells, the grid velocity com-
puted in this way satisfies Eq. (3) automatically. The grid speed in
the normal directionof a cell face can be writtenas vy, = (r x 1) - Q.
The geometric term in the parenthesiscan be computed once during
the grid-generation phase and saved for later use. Note that theo-
retically on the sliding interface v, is parallel to the interface, and,
hence, v, should be zero. On the disklike planar interfaces at both
ends of the zonal cylinder, this is automatically satisfied because
i1 is parallel to €. On the circumferential interfaces, however, it is
important to realize that to achieve zero v,,, we must require the
zonal triangles be equilateral and symmetric in v, making 7, r, and
Q coplanar.
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Fig. 7 Pressure distribution at different spanwise stations for two lifting blades in hover, NACA 0012,AR =6, M, =0.44, 0, =8 deg, and o, =4.2 deg;
line, computed data and symbols, experimental data.
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Test Cases

In Ref. 12, experiments are performed on a NACA 0012 rotor for
a range of blade tip Mach numbers M, and the collective pitch an-
gles 6.. The rotor has two untwisted and untapered blades of aspect
ratio 6. In this work, Euler computations of this rotor are performed
and results compared with the results in Refs. 12 and 13. All com-
putations are done on a Pentium II-350 personal computer with
256-MB memory. Only single precisionis used to save the compu-
tational resources. A self-developedadvancing-frontgrid generator
is used to generatethe tetrahedralmeshes shown in this work. For all
computationsin this work the Eulerimplicittime integration(6 = 1)
is used for a better convergence characteristic. The far-field bound-
ary is treated by a one-dimensional nonreflecting characteristiclike
boundary condition.'* On the blade surface, the normal component
of velocity is set to zero, and the tangent component is extrapolated
from the cell center, ensuring the flow tangency condition on the
blade surface. Both pressure and density on the blade surface are
extrapolated from the cell center.

A freestream test is performed first on a two-zone mesh with
704,442 stationary cells, 112,114 rotating cells, and a sliding zonal
interface of 1,560 triangles. The cylindrical rotating interface is
21 unitsin radius and 18 units in height. Initially a freestream condi-
tion is assumed everywhere, and no boundary condition is enforced
except the sliding interface boundary condition. At each time step,
the rotating zone rotates a fixed preset increment Ay in azimuth
angle, and the value of the time step is chosen to achieve the desired
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angular speed or tip Mach number. In this case, Ay =1deg, and a
time step corresponding to M, =0.52 is chosen. When integrating
Eq. (4) without the freestream correction term, the L, norm of the
right-hand residual fluctuates around 5 x 10™* (single precision),
indicating the errors introduced by the sliding interface. With the
freestream correction term activated, the residual can be dropped to
and maintainedaround5 x 1077 regardlessof the angularspeed. For
all of the following computations, the rotating zone always rotates
with Ay = 1deg per time step, and the freestream correction term
is always activated.

The first validation case is for a nonlifting rotor in hover with
M, =0, M,=0.52, and 6. = 0. The blade chord length is normal-
ized to unity. The same rotating interface used in the freestream
test is employed here. The cylindrical rotating zone has a radius of
21 chords length and a height of 18 chords length with 1560 zonal
triangles on the surface. The stationary zone is outside the rotat-
ing zone and extends to 34 chords length to the far field. There are
215,342 tetrahedral cells in the rotating zone and 31,254 cells in
the stationary zone. There are 6090 surface triangles on one blade
with some clustering around the midchord area and the blade tip, as
shownin Fig. 5. This grid clusteringis not solutionadaptive,and it is
chosen just for convenience. Note that the interface is very far from
the blade surface, which reduces the error of the interface treatment.

The computationstarts with the blade rotating at Ay =1 deg per
time step, which gives M, =0.52. Three subiterationsare performed
at each time step. Because the flow field relative to the blade is
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Fig. 8 Pressure distribution at different spanwise stations for two lifting blades in hover, NACA 0012,AR =6, M;=0.794,6, = 8 deg, and ¢, = 4.2 deg:
solid line, computed data with large interface; dashed line, computed with small interface; and symbols, experimental data.
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independentof the azimuth angle ¥, this is equivalent to a steady-
state computation. It is found that about one-half blade revolution
is enough to drop three orders of magnitude in the L, norm of
the residual, reaching the steady state. Figure 6 shows the pressure
distribution at various spanwise stations Y /R, where R is the blade
span. The agreement with the experimental data of Ref. 12 is quite
good.

The next case is a lifting rotor in hover with a pitch angle
0. =8 deg. The mesh is very similar to the one used earlier, with

330 deg
]
300 deg
Ta ’

Fig. 9 Pressure contours on advancing blade every 30 deg of azimuth
angle, wind direction from 180 to 0 deg (bottom up), nonlifting, NACA
0012,AR=6,M,=0.8, 0, =0deg, and p£=0.2.

30 deg

some differences introduced by the geometric angle of attack. Be-
cause the blade is experiencinglift, there is a wake flow in this case.
The correct modeling of the wake effect is important to the blade
airloads. Although in theory an Euler solver is capable of capturing
the wake flow without any wake model, its accuracy depends on
the grid resolution. Unfortunately, the current mesh is too coarse to
capture wake effects. Following the treatment in Ref. 4, the wake
effects are modeled in the form of a correction applied to the ge-
ometric angle of attack. According to Ref. 4, the wake induced
angle of attack is approximately ; = 3.8 deg throughout the blade,
and hence the effective angle of attack used in the computation is
o, =06, —a; =4.2deg. This correction is employed in the compu-
tation. Figure 7 show the computed surface pressure coefficients
on the blade at various spanwise stations for a tip Mach number
M, = 0.44. In this case, the flowfield is smooth without shock. The
comparison with experimental data is quite satisfactory.

Figure 8 shows the computed surface pressure for M, =0.794 in
which shocks are formed near the blade tip region. The results gen-
erally follow the experimental data, but the leading-edge pressure
suction and the shock strength are generally underpredicted. This
is basically due to the lack of grid resolution. It is speculated that
an adaptive grid clustering could improve the solution significantly.
These results are similar to those obtained in Ref. 4.

In general, the accuracy of the interface treatment depends on
the interface position as well as the number of interfacial triangles.
To investigate the influences of the interface, a new sliding zonal
interfaceis constructed with a radius of 7 chords length and a height
of 2.2 chords length. This puts the interface only one chord length
away from the blade surface, which increases its influence on the
blade surface. The new mesh contains 177,506 rotating tetrahedral
cells and 48,360 stationary cells. To reduce the interfaceinaccuracy,
the number of triangles on the interface is increased from 1560 to
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Fig. 10 Pressure distributionon spanwise location Y/R =0.96 for an advancinglifting blade, wind direction from azimuth angle 180-0 deg (bottom up),
NACA 0012,AR=6,M;=0.8,0, =0deg,and p = 0.2; solid line, current solution; dashed line, structured Euler solution; and symbols, experimental data.
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2808. The blade surface triangles remain unchanged. With this new
interface, the computed surface pressure coefficients are shown as
the dashedlinesin Fig. 8. When compared with those computed with
the larger interface (solid lines), the difference is very small, indi-
cating that in this case the inaccuracy due to the interface treatment
is small.

The fourth case is a nonlifting rotor blade in forward flight
with M;=0.8, 6, =0deg, and an advancing ratio of u=0.2.
This is equivalent to an incoming freestream with Mach number
M, =0.16. There is no steady-state solution in this case, and ul-
timately the flow will become periodic in time. The computation
starts with Ay =1 deg for each time step with 50 subiterations.
Because the blade advancement Ay = 1 deg is quite small, a first-
order time accuracy (f = 1) is considered adequate. The solutions
at each time step are compared with those obtained in the last blade
revolution for time periodicity. It is found that at least three-quarter
blade revolution is necessary to set up the time periodicity. That is,
if the computation starts with the right (or left) blade at v/, azimuth
angle, then time periodicity can be achieved after the right (or left)
blade past 1o + 3/2m azimuth angle. The solutionsfrom v, + 3 /27w
to Yo + 5/2mon both the right and left blades constitute a complete
cycle of the solution. The number of subiterations required for a
stable solution needs to be increased to about 100 when one blade
is at the location around ¥ = 30 deg (see Fig. 9) where the tip shock
is about to form. After the shock has formed, for example, after
¥ > 40 deg, the number of subiterationscan be reduced to 50 again.
This control over subiterationis done manually.

Figure 9 shows the pressure contours at every other Ay =30deg
for one complete cycle of rotation. The freestream is flowing from
¥ =180 to 0 deg. The transonic shock starts to form around
¥ =30 deg and disappears before ¥ = 180deg. The shock extends
aboutone chordlengthinward from the tip. There is no shock for the
m <y <2m region, or when the blade is moving downwind. Figure
10 shows the comparisonsof the periodic solutions with experimen-
tal data at spanwise location Y /R = 0.96 for several azimuth angles.
For comparison sake, an Euler solutionin a rotating frame obtained
by a structured code' using a 169 x 40 x 73 grid is also shown in
Fig. 10 (dashed lines). The two computations agree with each other
fairly well except for ¥ =60 deg. Both computations roughly fol-
low the experimental data, but some obvious discrepanciesin shock
positions and strengths can be identified.

The last example is for an idealized propeller-wing-body combi-
nationshownin Fig. 11. The mesh contains249,875rotatingtetrahe-
dral cells and 75,632 stationary tetrahedral cells. This is a very crude
computation for such a complex configuration. Because we are lim-
ited by the computing power of one personal computer, this serves
only as a demonstration of the current method to handle complex
geometry. The same NACA 0012 rotor as in the preceding examples

Fig. 11 Grids for propeller-wing-body configuration.
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Fig. 12 Mach contours on blade surfaces at various instances of time.

is used as a propeller, which is not a realistic one. To produce posi-
tive thrust, the pitch angle is set to 27 deg. The tip Mach number is
M, = 0.8. The incoming freestreamis at M, = 0.2, and the angle of
attackis 5 deg. The propellerrotates clockwise. Figure 12 shows the
front view of the computed surface Mach number on the propeller
for various instances of time. There are shocks close to the tip of the
propeller. The blade surface Mach contours are almost independent
of the azimuth angle, indicating that the influence from the wing
and body is small. The flow differences among rotors are mainly
due to the freestream angle of attack.

Conclusions

Anunstructuredrotatingmesh methodologyfor Eulerblade flows
has been demonstrated. The method is unique in that it combines
the power of unstructuredmesh generationand a specially designed
sliding zonal interface to allow easy treatment of the Euler equa-
tions in an inertial frame. The global fluxes through the zonal inter-
face are strictly conserved. However, the local flux computation is
simplified based on geometric considerations, generating interface
errors that depend on the interface position and the number of in-
terfacial triangles. It is shown that the errors are small in the test
cases. The flowfield of a helicopter blade in hover and in forward
flight are computed and generally compare well with experiments.
The applicability of the present method to complex geometry is
demonstrated by an idealized propeller-wing-body configuration.
The present method is also applicable to viscous flows, provided
that the viscous fluxes through each zonal subarea can be accurately
computed.
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