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Unsteady Overset Simulation of Rotor-Airframe Interaction
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Inviscid, three-dimensional, unsteady flow computational results for the aerodynamic interaction between a
rotor and a hemispherical-cylinder airframe are presented. A multiblock strategy is used, with separate grids
for the fuselage and the rotor blades. An overset grid methodology is used to communicate the flow information
between the grids. In each grid a second-order temporally accurate, fifth-order spatially accurate, implicit finite
volume scheme is employed to solve the Euler equations. The vortical wake generated by the blade is captured
from first principles. The vorticity patterns that impinge on the airframe are analyzed, and the surface-pressure
distributions on the airframe are compared with experimental values.

Nomenclature
|A| = Roe’s dissipation matrix
C, = pressure coefficient
ey, ey, e: = unit vectors
F.G,H = flux vector for inviscid fluxes
F., Gy, H, = flux vector for viscous fluxes
M, T = transformation matrices
Miip = tip Mach number (for rotor blade)
M = freestream Mach number
q = vector of primitive flow variables
qL = left-hand side flow vector at a given face
qr = right-handside flow vector at a given face
R = residual, rotor disk radius
Vr = fluid velocity
Ve = grid velocity
o = angle of attack
AS = face surface area
A = advance ratio
§,n,¢ = coordinate directionsin the computational plane
T = time
Q = rotor angular velocity

Introduction

HE presence of a vortical wake structure beneath the rotor
T strongly influences the flowfield around the various compo-
nents of the airframe of the helicopter. In forward flight this wake
flow combines with the freestream, creating a complex unsteady
flowfield around the airframe. Rotor and airframe components de-
signed without fully taking these interactional effects into account
tend to performbelow their capabilitiesand have poorhandlingqual-
ities. The need to understand the various aspects of rotor-airframe
interactionalaerodynamicshasled to a growth of research activities
in this area over the past two decades.

Sheridanand Smith' reviewed the interactionalproblem and clas-
sified the categories of interactions. Smith and Betzina® studied
the interaction between a helicopter rotor and a model fuselage at
low speeds. The authors of Refs. 3—7 at Georgia Tech have exten-
sively documented the interactional effects of a rotor with a model
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airframe through a systematic series of experimentalstudies. Crouse
etal.? at the University of Maryland performed similar experiments
on an airframe with simulated tail boom. Researchers at NASA
Langley Research Center have studied the effects of the airframe on
the inflow through the rotor disc.’

Most of the initial efforts in modeling rotor-airframe interac-
tions have been with the use of Lagrangean free-wake methods.®
Researchers like Clark and Maskew,'® Mavris,'' and Lorber and
Egolf'? have used variations of this method to simulate the vortical
flowfield and to study the interaction with the airframe. Zori et al."®
and Chaffin and Berry'* used body forcesto account for the presence
of the rotor, in solving for the flowfield around an airframe. With
rapid advancement of computer speeds, increased memory avail-
ability, and improved algorithms, Euler/Navier—Stokes simulation
of rotor flowfields including the wake has become feasible.

Examples of such work are the TURNS code simulations by
Srinivasan and Baeder" and the higher-order simulations of a ro-
tor/wing wake by Hariharan and Sankar'®'” Navier—Stokes methods
have been used in conjunction with overset grids to solve for flow-
field around rotor-airframe configurations. Duque and Dimanlig'®
used this approach to study the flowfield around a Comanche heli-
copter. Meakin'® used overset grids to simulate the flowfield around
the Osprey tilt rotorcraft. Ahmad and Duque® have used a sim-
ilar technique to capture the tip vortices of a rotor in forward
flight.

The focus of this research effort is to develop and validate a
first-principles-based methodology that can model rotor-airframe
interactions. The terminology “first principles” refers to method-
ologies that can directly compute the vortical wake field of the ro-
tor, based on the rotor-blade geometry and flowfield parameters.
High-order spatially accurate methods are employed in conjunction
with unsteady overset grid methodology to achieve a fully three-
dimensional,unsteady,interactionalsimulation procedure. The ben-
efits of employing high-order methods to capture wing/rotor-wake
vortex structures have been well documented elsewhere.'®!” In this
effort a fifth-order scheme developed by Hariharan and Sankar'®'’
for the study of isolated rotors has been modified to address the
rotor-airframe interaction problem.

A three-dimensional overset grid connectivity package for mov-
ing grids was also developed, based on the work in this area by
Benek et al.>! A generalized overset data structure in the connec-
tivity allows for an arbitrary number of grids to interact with each
other, with some hierarchical restrictions > The high-order overset
methodologyis applied to simulate the Georgia Tech rotor-airframe
model, for which abundant experimental data are available.>~® The
vorticity structure in the flowfield, the mean, and unsteady surface-
pressure distributions on the airframe are analyzed and compared
to experimental data.
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Mathematical Formulation

The three-dimensional unsteady, compressible Reynolds-
averaged Navier-Stokes equations can be written in the generalized
coordinate system as

qr+ﬁé+én+ﬁ§=ﬁv5+évn +I}v: (1)

This equation is discretized as

1, 1 ny Lm ny Lm nm _ 1 n,m _ 1
3"+ _4q9" L q"- Fvp —Fi G ip_G, ip
2AT + AE + An
n.m _ 1 n.m _ 1 ny lm ny lm nm mnm
= = + +
Gj+1/2 —Gj,1/2 Hk+1/2 —Hk71/2 F”i+1/2—F”i,l/2
An + AL = A&
~nam _ 1 ~nam _ 1 ryn.m ryn.m
G”/+1/2 —Gv/,l/z H”k+l/2 —Hvk,l/z )
+ An + AE (2)

Here F is the numerical flux that differs from the physical flux F' by
a numerical viscosity term proposed by Roe.”® G and H are nu-
merical fluxes in the 7 and ¢ directions, respectively. The details
of the Roe scheme and its implementation are discussed in the next
section. In Eq. (2) n is the time level, and m is a Newton subiteration
counter. Equation (2) is linearized about the known iteration level
m _ 1, leading to a system of simultaneous linear equation for the
quantity

ny lm

quq _qn+1.11171 (3)
This results in a system of equations, which results in a banded
pentadiagonal block matrix

[A]{Aq}Z{R}n+l.11171 (4)

where (Ry contains the most recentestimates for the flow properties
for eacL of the terms shown in Eq. (2). The matrix [A] canbe inverted
in a number of different ways. In the present work a diagonalized,
approximate factorization scheme originally proposed by Pulliam
and Chaussee™ was used.

Roe Scheme for the Convective Fluxes

In this work the Roe scheme® was employedto compute the con-
vective fluxes. In this scheme the convective fluxes are viewed as
quantities transported by five distinct wave phenomena: two acous-
tic waves, one entropy wave, and two vorticity waves. The built-in
viscosity of the vorticity waves is proportional to the local fluid ve-
locity (along the direction of wave propagation)v,. This component
is thus diffused to a smaller extentin Roe scheme, compared to cen-
tral difference schemes with added diffusion where all of the waves
are diffused by an amount proportional to v, « (a is the speed of
sound). In low subsonic regions Uy, q CaN be about five to ten times
larger than v,. Thus, conventional schemes diffuse vorticity more
than the Roe scheme. This has been observed by other researchers
(e.g., Simpson and Whitfield*’), who found that classical boundary-
layer problems can be captured by the Roe scheme with half of the
number of points required by conventional schemes. The conven-
tional implementations of Roe’s scheme compute the flux crossing
a cell face as follows (Fig. 1):

1) First, estimates of the flow properties to the left and right side
of the face, g, and gr respectively, are computed.

2) Then, the flux is evaluated as

F _ {[Fl(qL) +F1(qR)]/2} _ |A|(qR _qu) ©)
where
Fi _ (Fi , Gj | HR) .nAS

wheren is a unitnormal to the cell surface. |A is the matrix |3F1 /0q,
computed using special averages of ¢; and gr. The various imple-
mentations of the Roe scheme differ from each other in the way

Fig. 1 Schematic of a finite volume cell around a grid point.
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Fig. 2 Stencil used for the fifth-order scheme.

q: and gr are found at the cell face. For example, in a well-known
third-orderMUSCL"® scheme

qr — {1 +“IJ[[(1 _ K)V + (a +K)A]/4}q[

gr — (1 _ Vi 1[0 40y 4 A _ A/ 4yqi,, (6)
where K _ é‘, A/ v are forward/backward difference operators,and
W; is the adjustable parameter known as limiter. If limiters ¥; and
2 ,1aresettozero,a first-order-accuratesolution will result. Most
implementations define these parameters so that they automatically
become zero near shock waves to avoid sampling across such shock
waves.

The fifth-order scheme used in this work is based on the essen-
tially nonoscillatory (ENO) scheme, developed by Harten et al.*
The major steps in the ENO scheme are as follows:

1) Fifth-order polynomial fits for gz and g are computed at face
G + i‘). The polynomial for ¢; usually will involve nodes (i _ 2),
(i_1,i, 0 + D), @ +2), and the one for gz will likewise usually
involve (i _ 1),i,( + 1), + 2), (i + 3). Figure 2 shows the typical
stencil used for the fifth-order fit. The coefficients of this polynomial
must satisfy the following criteria.

a) At thenodesi, i + 1, etc., the average g value over the cell,
obtained from the polynomial, must equal the node value ¢;, ¢; 1
etc.

b) If a polynomial using the nodes chosen is not “smooth,”
then a different set of node points are chosen to determine ¢; and
or gr and, if necessary, drop the formal accuracy to a lower order.

2) The fluxes F; and F are now computed as in the classical
MUSCL scheme described earlier.

Overset Implementation

The idea behind the use of overset grids is to establish indepen-
dent body-fitted grids around each of the components and solve the
Euler/Navier-Stokes equations on these grids independently. The
Georgia Tech rotor-body configuration consists of a two-bladed ro-
tor in vicinity of a cylindricalbody, as shown schematicallyin Fig. 3.
For such a configuration three different grids are generated: two for
the rotor blades and one for the cylindrical body. Figure 4a shows
all three grids positioned appropriately in relation to one another.
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Rotor Blades

Front View
Minf. = 0.029 Advance Ratio = 0.1
R=0.45m R/ir=6.7

Top of the
airframe

Side View

Fig. 3 Schematic of the Georgia Tech rotor-airframe configuration.

Fig. 4b O grid on the airframe.

Figures 4b and 4c show the body grid and the rotor-blade grids, re-
spectively. Communication between these grids is then established
throughappropriateinterpolationsfor the intergridboundary points.

Central to an overset scheme is the information transfer between
each of the grids that is required to advance the computational solu-
tion in each grid and is usually referred to as grid connectivity. Be-
cause the grids are oversetin space, each of the grids acknowledges
the overset presence of another grid by creation or modification of

Fig. 4c C grids on one of the rotor blades.

boundarypoints that deriveinformationfrom the appropriategrid by
interpolation. The oversetting process enforces some interior grid
points in the major grids (i.e., the airframe grid in Fig. 4a) to be
“blanked” out in order to create internal boundary points. Figure 5a
shows a schematic illustrating the preceding process. For unsteady
simulations in which the grids move relative to each other, such as
the presenteffort, the grid-connectivityinformationhas to be recom-
puted at every time step. Reference 22 gives a detailed discussion
of the methodology, including an efficient means of achieving the
necessary bookkeepingto track unsteady overset grid connectivity.

Once the grid-connectivityinformationis computed, the Navier—
Stokes solver computes and updates the solution in all of the grid
domains independently. The blanking produced by the overset grid
connectivity needs to be recognized by the solver. The flux recon-
struction should not access any information from the blanked grid
points when computing fluxes in the vicinity of such points. The
overset-boundary update routines use the information provided by
the grid-connectivitypackage and the currentflow solution provided
by the solver to update the values at the overset boundary points of
all of the grids involved in the simulation. The flowchart in Fig. 5b
outlines the overset grid solution update process from a given time
step to the next.

Grid Dynamics
The relative motion and spatial positioning of all of the grids
involved in the simulation need to be updated at every time step.
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Fig. Sa Schematic illustrating hole/fringe points for overset grids.
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Fig. 5Sb  Overall algorithm for the overset grid solution.

The grid motion could be prescribed or computed. For example,
in the current rotor-airframe simulation the airframe moves with a
forward flight Mach number of 0.2, and rotor revolves around a hub
in the airframe with a tip Mach number of 0.44 with a prescribed
tip path plane, flapping, cyclic pitch angles. On the other hand,
aeroelastic deformations of the rotor blades can be computed from
the evolving aerodynamic solution. In the current work the motion
of the various grids involved is prescribed, and aeroelastic effects
are ignored.

Generalized coordinate transformation matrices are computed to
track the position of all of the grids involved in the simulation.
Figure 6 shows the schematic of the orientation of the airframe and
the rotor disk plane in global coordinates defined by unit vectors
i,j, kinthe x, y, and z directions, respectively. Figure 7 defines the
local coordinate system for one of the rotor blades. The unit vectors
e, ey, e: define a right-handed orthogonal coordinate system, fixed
with the blade. Because the body-fitted C grid over the rotor blade
is rigid in its motion, a single triad e., ey, e-) can be defined for
the entire grid. The transformationmatrix T'(n), between (e, ey, e:
and the Cartesian triad {i,j, k}, needs to be established at all time
steps.

{ex,ey,e;}T — T(n){i,j, k}T 7

A z.k

C P x,i

Fig. 6 Rotor-airframe orien-
A Vi tation.

C : > X, i

Azimuthal angle ¥ =90 Degrees

Collective Pitch 3

Azimuthal angle ¥ =90 Degrees

A-_.
| v

Y |

y Flap angle y=y(¥)

Fig. 7 Definition of the local blade coordinate system.
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Fig. 8 Initial orientation of the rotor-blade grid as provided by grid
generator.

In the preceding equation and all of the subsequentequations,
denotes the transpose of a vector or matrix. The rotor-blade grids
were first generated independently and were supplied to the overset
grid solver, with the blade aligned with the positive x axis as shown
in Fig. 8.

The orientation of the rotor-blade grids at this instance can be
defined by

{ex, €y, e;} — {_J, i, k}

€y 0 _1 O i
e|—|1 0 oflj ®)
e: 0o 0 1 k

and hence the initial orientation matrix, which is defined as
My _ {€x: €y e;}T, can be written as

0 1 0
My_|_1 0 O 9)
0 0 1

This grid has to be moved such that the position of the grid at
some given azimuthal angle ¥ corresponds to the prescribed rotor-
blade position for that azimuthal angle V. If the computations are
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started at ¥ _ 90 deg (W _ 270 deg for the other blade), then the
correct orientation of the grid can be achieved by the following set
of transformations.

1) The grid is rotated by an angle & _ ¢, about the local axis
e.. This tilt of the rotor plane should be done at ¥ _ 0. This can
be represented as [R].,.«,. A generic rotation about a unit vector
n— (i, Ry, Nz} about some angle 6 can be written as

n; 4 cos(®) 1 _n;
[Rluo — | neny[1 _ cos(G)G 4 n:sm(9)
nin:[1 _cos@)] _n, sin(0)

—n.ny[1 _ cos(0)] _ n: sin(0)—
« n 4 cos(0) (1 _n;
nyn:[1 _ 005(9)5

+ M (sm(@)
~nn:[1 _ cos(0)] 4 ny sin(0)

nyn:[1 _ cos(0)] _ n, sin(9) (10)

n: 005(9)(1 _ n2)

Using preceding operator, the orientation matrix after this transfor-
mation can be written as

M, _ [R]., .«,Mo (11)

2) The grid is rotated by an angle ¥ _ W, about the blade-fixed
axis e:. The direction cosines of the blade-fixed axis e: can be re-
covered from the orientation matrix M. Performing this operation,
the orientation matrix can be written as

M; _ [R]...v,M, (12)

3) The grid is rotated by an angle 8 _ _B(¥,), about the blade-
fixed axis ey. The direction cosines of the blade-fixed axis e, can
be recovered from the orientation matrix M,. Performing this oper-
ation, the orientation matrix can be written as

M; _ [R).,, sM> (13)

4) Finally, the grid is rotated by an angle ¥ _ ¥ (¥,) about the
blade-fixed axis e,. The direction cosines of the blade-fixed axis ey
can be recovered from the orientation matrix M5. Performing this
operation, the orientation matrix can be written as

M, — [R]c,.y M3 (14

The net transformation matrix for this rotor blade, excluding all
translations, at time level n _ 0 can be written as

T0) _ M} (15)

A similar transformation matrix can be written for the other rotor
blade. Any grid point can be transformed from its original value in
its prescribed orientation (Mj) to the required orientationat the start
of computation (M4, t — 0) by the transformation

X X
y _TO |y (16)
z 1_0 z initial

The procedurewould be completeif a way of computingthe operator
T(n) at a time level n can be prescribed, given the value of the
operator T(n _ 1) and position of all of the grid points IR !
at a previous time level n _ 1. Assuming that the grid is oriented
at the initial position, with orientation matrix Mo, perform steps
(1-4) with the appropriate values of all of the rotation angles, that
is, ¥ _ ¥(n),y _ v (W), etc. This would resultin the operator T'(n),
such that

X
T |y 17

N <

t_n z initial

The position vector (%2 ¥> Zyinivial CAN be obtained by

X
_T-'m_1|y (18)

Z Z

initial t_n_1

Substituting for (%2 ¥ Zyinitial in Eq. (17) yields

X
—T@T'm_1 |y (19)
4 t_n 4 t_n_1

Equation (19) prescribes the net rotational transformation. By
slightly modifying the representation of the position vector (us-
ing a four-dimensionalrepresentation (x, y, z, 1y), translations and
shear (if any) can be also be includedin one effective transformation
matrix.

Overset Solver

The overset grid-connectivity computation produces invalid field
points that need to be excluded out of the solution process. The
required changes should be made when computing the residuals
and when computing the implicit operators on the left-hand side of
Eq. (4). These changes are discussed in this section.

The grid-connectivityroutinessupply an identifier array IBLANK
with following setting, for all of the grids:

IBLANK(/, J,K) _ 0 if (I,J,K) isahole point

or a fringe point
— 1 Otherwise

The implicit and the viscous operators are three-point central dif-
ference operators. Any such three-point stencil, centered around a
grid point with IBLANK _ 1, will always access only valid points,
that is, no hole points will be accessed. Figure 9 compares a valid
three-point stencil with an invalid three-point stencil. The stencil
a) is centered about node 1 with IBLANK _ 1, and it accesses only
valid points, whereas stencil b), which is centered about a node
with IBLANK _ 0, accesses a hole point. Therefore, any computa-
tions done around valid field points will not be affected. However
for higher-order stencils (say a five-point stencil), even a stencil
centered on a valid field point can access a hole point as shown
in Fig. 10.

Based on the preceding considerations, the diagonalized form of
Eq. (4) can be written as follows:

[/ , At8:B IBLANKix] [/ | At8;.C IBLANKy]Aq"+'

— R" . IBLANKijk (20)
) ] Hole
(a) Valid Stencil Fringe point points
(U

wALD L1 1 0)O

i i-1 i i+l 42 i3

Hole

(b)InvalidStencil Fringe point points

IVALID

) i-1 i i+l 2 i+3

Fig. 9 Schematics comparing of 1) Valid and 2) invalid three-point
stencils.
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Fig. 10 Schematic of an invalid five-point stencil.

15

14 a  Experiment

—e— Navier-Stokes

Fig. 11 Surface-pressure distribution along the crown line for the air-
frame without the rotor.

The residual R" consists of the viscous and the inviscid contribu-
tions. The viscous residuals need no change, as a three-pointopera-
tor is used to compute them. The computation of inviscid residuals
needs modifications depending on the computational scheme used
to compute the residual. For the third-order MUSCL scheme the
projectors for the left and right fluxes in the § direction, as defined
by Eq. (6), are modified as follows.

Fully Interactional Simulation

The dimensions of the airframe O grid were increased to
91*61*41 in the streamwise, azimuthal, and normal directions, re-
spectively. An elliptic grid solver was used to further increase grid
quality. Two C-H grids of dimensions 61%25%15 were generated
independently over the rotor blades. The rotor grids were then ori-
ented at their respective positions relative to the airframe grid. As
time progressed, this relative position of the rotor grids with re-
spectto the airframe grid was changed according to the actual rotor
position at that time.

For the overset grid solution the three-step temporally second-
order-accurate-scheme with Newton iterations, was employed. The
update of the solution in the boundary and the fringe points was
delayed only by one sub iteration. The Newton iterations scheme,
with implicit boundary conditions, allowed large time steps to be
taken, reducing the number of calls to the overset grid-connectivity
updates. A time-steppingequivalentto a rotor azimuthal advance of
0.12 deg per time step was achieved.

The solution on different grids could be obtained by different
methodologies. For example, the solution over the body could be
using a Navier-Stokes simulation and that over the rotor blades
could be an Euler simulation. In this effort the Euler equations were
solved on all of the grids to keep computational costs low.

Visualization of the Vorticity in the Flowfield

The tip vortex and vortex sheet generated by the two rotor blades
descend towards the airframe. This convectionis caused by a com-
plex interaction between the self-induced motion of the vortex sys-
tem and the freestream forward velocity. Visualizing the generation
of the vortex and the subsequenttrackingis vital to an understanding
of the underlyingphysics of the interaction. Visualizing the vorticity
is done with the aid of vorticity contours in chosen two-dimensional
planes (usually one of the grid surfaces) and also with the use of
vorticity isosurfaces.

qr — {1 + “IJL[(I — K)V + (1 + K)A]/4IBLANK171 IBLANKL+2}qL

qr — {1 ¥ aa +K)V + (1 _«)A]/4 IBLANK; .IBLANK[J}q[“ (2D

Equation (21) ensures that the scheme reverts to first-orderaccuracy
for both the left and the right projections in case a hole point is
encountered in either the left or the right stencil.

For the fifth-order adaptive stencil ENO scheme, the stencil se-
lection criterion is modified to reject any stencil that includes two
adjacent hole points in it. This procedure allows the ENO scheme
to automaticallyreject projectionsinvolving invalid hole points and
still retain the fifth-order accuracy.

Results and Discussions

Configuration of Georgia Tech Rotor-Airframe Model

Figure 3 shows a schematic of the rotor-airframe model studied
extensively at Georgia Tech. For this interaction between a rotor in
lifting forward flight and a hemisphere-cylinderbody, a large body
of velocity field and surface-pressuredata is available >~° Relevant
geometrical parameters and rotor-related parameters such as collec-
tive pitch, rotor tilt angle, and blade flapping angle are documented
in Ref. 3. The rotor blades are rectangular planforms made up of
NACA-0015 sections. For the case chosen the rotor and the air-
frame had a clearance of A/ R _ 0.3. The rotor had angular velocity
ofw _2100rpm, and the rotor-airframesystem had an advanceratio
of u _0.1.

Prior to a full interactionalmodeling, a Navier—Stokes solution of
the body in forward flight was obtained. An O grid was used, con-
sisting of 71*31*31 points in the streamwise, azimuthal, and nor-
mal directions, respectively (Fig. 4b). Figure 11 shows the surface-
pressure distribution over the isolated body without the rotor. Good
agreement with the measured data is observed.

Figure 12 illustrates the concepts involved in using overset grids.
The vorticity contours are shown for the rotor grid in a streamwise
planebehind the trailing edge of the rotor. Similar vorticity contours
are shown for the airframe grid in an azimuthal plane along the
crown line (the top of the airframe). The tip vortex and the vortex
sheet are generated by the rotor blades in the C-grid zones. This
system of vorticity is then transmitted over to the airframe grid by
the grid-connectivityprocess.Once this vortex systemis transmitted
to the airframe grid, it convects down and impinges on the airframe.

1. Body end the two rotos
2. Hole in the rotor-1 grid
3. Hole in the rotor-2 grid

4. Hole in the main grid
5. Tip vortex off the rotor 2
shown in the rotor grid

and the atrframe grid

Fig. 12 Vorticity magnitude contours on the airframe and rotor grids.
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Vorticity contours on a normal plane
along the crown line

@) y=40°
(b) y=90°
3
(c) v =140°

«

Vorticity iso-surfaces (looking from top
of the atrframe)

Fig. 13 Impingement of the fore vortex on the surface of the airframe.

Yortex Sheet

Yortex from
Blade-1

Elade-2

Eavlier vortex fram
Elade-1

Fig. 14 Isovorticity surfaces in the flowfield. Vorticity surfaces colored from light to dark based on direction of normal velocity in the z direction.

Figure 12 also shows the various invalid holes that are generated at
this instance.

Figure 13 shows three vorticity contour plots tracking the trans-
mitted vortex in the airframe grid. The vorticity contours shown
are on the azimuthal plane along the crown line on the left and as
isosurfaces on right at three different vortex ages. The age of the
vortex in terms of the azimuthal advance of the rotor, since the gen-
eration of the vortex, is indicated in the three contour plots. The first

plot (¥ _ 40 deg) shows the position of the vortex, when the age of
the vortex is 40 deg. In the subsequent plots (¥ _ 90 and 140 deg)
this vortex moves down towards the airframe. The vortex eventually
impinges, when the age of the vortex is approximately ¥ _ 220 deg.

Figure 14 shows the isovorticity contours computed from the
solution over the entire airframe grid at a given instance. The figure
shows the position of the rotor blades, represented as blade-1 and
blade-2, at that time level. In this figure the vortices coming off
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Top View

Side View

Top View

Side View

Top View

Side View

Top View

Slde Vlew
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Side View

Top View

Side View
(f) Snap-6: Vortex Age — 405°

EYV - Earlier Vortex CV - Current Vortex NV - Next Vortex

Fig. 15 Sequences of snapshots in time of vorticity contours in a normal plane just off the surface of the airframe. Each figure shows the top and
side views.
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Blade-1and Blade-2canbe seennear the nose and aft of the airframe,
respectively. Near the aft of the airframe, the earlier vortex that had
been generated by Blade-1 as it passed over the aft of the airframe
is also seen. This earlier vortex is about to hit the airframe. In the
front portion only the most recent vortex (off Blade-1) is seen. The
other earlier vortex (off Blade-2) is very close to the surface, at this
instance, and has not been shown. The vortex isosurfaces seen near
the center of the rotor are caused by the vortex sheet shed by both
Blade-1 and Blade-2.

Figure 15 shows a sequence of vorticity plots that take a closer
look at the vortex-surface interaction. These vorticity contours are
plotted on a normal plane just off the surface of the airframe
(An _0.05R), that is, at a normal grid plane { _3 (§ _1 is the
airframe surface). Each of these snapshots in time shows the top
and the side view of the interaction at that given instance. The age
of the vortex, which is labeled as current vortex (CV), is provided
for all of the pictures. In these figures the focus is on the aft vortex
impingement. In Fig. 15a (vortex age — 200 deg), the current vortex

Fig. 16b Schematic of aft-vortex body interaction.

and the remnants of an earlier vortex (EV) can be seen. In the sub-
sequent pictures (Figs. 15b and c) the EV completes its interaction
with the airframe, and the current convects down. In Fig. 15d (vor-
tex age — 356 deg) the vortex generated most recently (NV) starts
appearingin the region of interest,in the same position of that of the
CV in Fig. 15a. Figures 15e (vortex age — 381 deg) and 15f (vortex
age _ 405 deg) complete the cycle, with the CV completing its in-
teraction and the NV taking its position as the current vortex. This
scenario repeats over and over again.

An interesting feature of the blade-vortex interaction with the
airframe is the difference in the interactions between the fore and
aft vortices with the airframe. Based on what is observedin Fig. 15,
a sequence of schematics is drawn in Figs. 16a and 16b describing
this interaction. In the sequence of images in Fig. 15, highlighted
in schematic Fig. 16a, the fore vortex impinges sharply on the body
and does not drag along the surface much. It is “cut” by the body
quickly before it could traverse a greater length along the crown line
of the airframe. The aft vortex, as seen on Fig. 15 and highlighted
in schematic Fig. 16b, lingers along the crown line of the airframe
before breaking up into two sections. The total number of vortices
impinging on the fore and aft sections of the body remain the same.
This implies that forebody vortices slow down in the freestream
direction as it approaches the airframe, and the aftbody vortices
speed up. This is fully consistent with classical vortex theory as
illustrated in Fig. 17, which shows the image vortex and the net-
induced velocities for the fore and aftbody vortices as they approach
the airframe.

Mean Surface-Pressure Distribution

In the presentanalysis the rotor-blade geometric parameters (flap-
ping, cyclic collective variation) are prescribed, and aeroelastic ef-
fects are ignored. But the wake structure and the interaction of the
rotor-body system with the wake are computed. The mean and
unsteady variation of the surface-pressure distribution are com-
puted and compared with other analyses and experimental results.
Figure 18 shows the comparison between the computed and mea-
sured mean surface pressures over the crown of the airframe. The
mean pressure distribution is obtained by averaging the instanta-
neous pressures over a complete cycle of revolution of the rotor.
The following key aspects can be noticed:

1) The aft C, peakis captured well. The magnitudeof the captured
C), peak near the nose (ahead of x/R _0.5) is lower in magnitude
compared to the experiments.

Aft-Vortex

2

Fore-Vortex

...... .,

- ...
U..-V, & ‘ Ueot V, v.\?

VAL S A B A O A O A B B B O v B B v v B B B B B v B A B B A B v B O
U .

Fig. 17 Schematic of the image vortices and the resulting effect in the
fore- and aft-vortex body interaction (V;, induced velocity).

2

® Experiment
Euler

_1.55...|...l..|

0.1 0.95 1.8 2.65 3.5
x/R

Fig. 18 Mean surface-pressure distribution alongthe crown line of the
airframe.
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Fig. 19 Comparison of grid resolution between the rotor and airframe
grids.

2) The front and aft C,, peaks seen in this figure are caused by the
effects of blade passage. The streamwise location of the two blade
passages induced increased C,, peaks is correctly predicted.

The C, distribution ahead of x/R _0.5 is not accurately pre-
dicted for a number of reasons. The rotor-airframeclearanceis very
small, that is, #/R _ 0.3. Because the rotor is tilted forward, the
clearance between the rotor and the airframe is small near the nose
andlargein the aft part of the airframe. The close proximity of the tip
of the rotor and the nose of the airframe makes it difficult to match
the grid resolutions of the airframe and rotor grids. This results in
the diffusion of the tip vortex as it is transferred from the airframe
to rotor grid. Figure 19 shows the resolution of the two grids near
the nose of the airframe. Near the aft of the airframe, the rotor-
airframe clearance is much larger, and the grids are better matched.
The intergrid vortex transfer is relatively diffusion free, and there-
fore, the computed aft pressure peak compares more closely with
the experimental values.

Figures 20 and 21 compare the mean pressure distribution along
the crown line between the current simulation and earlier compu-
tations by Zori et al."* and Mavris."" The quality of the current
first-principles-based simulation, in terms of capturing the mean
surface-pressuredistribution,is comparableto the solution obtained
by Zori et al.”® The solution obtained by Mavris'' is seen to capture

2
1.5 —E— . ‘. :
cp 05
0
U __ ®  Experiment
-1 Current Simulation
F| — — — Rajagopalan
-15 F T T I —
0.1 0.95 1.8 2.65 3.5
x/R

Fig. 20 Comparison of the mean surface-pressure distributions.
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Fig. 21 Comparison of the mean surface-pressure distributions.

both the peaks better. The simulation of Mavris'' directly derives
information from experiments about the rotor wake, and the simula-
tion by Zori et al.'' depends on the experimental rotor-disk loading
to compute the body forces thatare to be input to the simulation. The
currentsimulationmethodologycomputes the wake informationand
with a better grid configuration can be used to study rotor-airframe
configurations for which no experimental data are available.

Instantaneous Surface-Pressure Distribution

Figure 22 illustrates the repeatability of the unsteady instanta-
neous pressure distribution along the crown line of the airframe.
The comparison is for one rotor radius along the airframe, mea-
sured from the nose of the airframe. The figure shows the computed
surface C, values at a rotor azimuth position of ¥ _ 156 deg, for
two successive half-revolutionsof the rotor.

Figures 23a-23e show the instantaneous pressure distribution
along the crown line of the airframe, for a number of rotor az-
imuthal positions as the blade passes over the nose of the airframe
(in the vicinity of ¥ _ 180 deg). A smaller schematic in each of
these figures indicates the relative position of the rotor and the air-
frame at that instance. As the rotor blade approaches the nose, the
finer variations in pressure are caused by all of the previous tip vor-
tices and vortex sheets. The effects of the residual vortex system are
captured adequately, as seen in Figs. 23a (¥ _ 144 deg) and 23b
(W _ 156 deg). The simulation also correctly predicted the blade
passage increase in C, when the rotor blade was advancing closer
to the airframe. This is seen in Fig. 23c, when the rotor blade is at an
azimuthal angle of ¥ _ 174 deg. The blade-passageeffect when the
rotor blade is passing right above the airframe is shown in Fig. 23d.
Once the blade passes over, the vortex generated by the blade pass-
ing over half a revolution earlier starts interacting with the airframe
surface. Figure 23e shows the pressure distributionwhen rotor blade
is at an azimuthal angle of W _ 6 deg. The pressure blip, caused by
the vortex interacting with the airframe, is captured. The subsequent
vortex interaction (i.e., ¥ _ 24,48, etc.) is not captured well.

One of the principal reasons for the variations in the degree of
agreement of the computed instantaneous pressure distributions in



672

HARIHARAN AND SANKAR

4 e  Experiment
E Euler-First Rev

3F Euler- 1/2 Rev
E Later

2 ;— —

1E

Cp 0F

1 i_

2 ;—

3 F v = 156°

4 3 e V)

0.1 0.325 0.55 0.775 1

x/R

¥=156

Fig. 22 Instantaneous surface-pressure distributions at two successive half-revolutions.
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Fig. 23 Instantaneous surface-pressure distribution along the crown line of the airframe.
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Fig. 23 Instantaneous surface-pressure distribution along the crown line of the airframe (continued).

comparison with experimental values is the diffusion of the wake-
vortex structure across the overset grid boundaries. The weakening
of the vortex system during the transfer between the two grids is
attributable to the following reasons:

1) The intergrid interpolation process is only first-order accurate
in space.

2) The grid resolutions of the airframe and blade grids need to be
matched better in the vortex transfer region.

Conclusions

Fully interactional, three-dimensional unsteady flow simula-
tion is done for a rotor-airframe aerodynamic interaction us-
ing a second-order temporally accurate, fifth-order spatially ac-
curate, Euler/Navier-Stokes, overset-grid solver. This simulation
does not require external aerodynamic inputs about the wake, such
as the tip vortex strength and trajectory. Visualizing the vortic-
ity pattern in the computed flowfield solutions and comparing the
mean/instantaneous pressure distributions on the surface of the air-
frame obtained physical insights.

The current work incorporatestwo ingredients to solve a difficult
problem, that is, 1) high-order methods and 2) overset grids. The
fifth-order ENO scheme that had earlier demonstrated the ability
to capture vorticity efficiently ensured that the blade vortex system
did not diffuse excessively because of numerical dissipation. On a
relatively coarse grid the high-order overset methodology captured
the gross features of the flowfield with acceptable accuracy. How-
ever, the finer features such as instantaneous pressure distributions
were captured only in certain instances of the rotor-blade location,
indicating a need for further improvement/frefinement of the grids
involved in the simulation.

The use of overset grids makes it feasible to simulate rotor-
airframe interactions, wherein rotor blades move relative to the air-
frame. If nonoverset grids were used (i.e., unstructured, etc.), the
computational zone has to be regridded every so often and would
present a cumbersome problem. However, overset grids do present
their own set of problems. The use of overset grids shifts the dif-
ficulty of regridding when using single zone or unstructured grid
approaches to the difficulty of maintaining grid resolution match

between the rotor-bladegrids and the airframe grids. Such problems
can be tackled by using uniform intermediate meshes and increased
number of grid points. Further research is also necessary to mini-
mize the loss of accuracy in computation in the interfaces between
the various overset grids.
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