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Rotor aerodynamics is governed by wake behavior. Particularly, aerodynamic performance in the hovering flight

condition is determined by the structure and the strength of the wake. In this paper, rotating blades were simulated

using a tightly coupled computational fluid dynamics and time-marching free-wakemethod in hovering and forward

flight. The rotating blades and a flowfield near the rotor are calculated by the computational fluid dynamics, and the

strength and motions of the wake are simulated with the time-marching free-wake method. A moving overset grid

technique isapplied toconsiderrotormotionsduringhoveringandforwardflight. Inflowandoutflowconditions in the

computational fluid dynamics domain are provided from an induced flow rate by the time-marching free-wake

method at each time step. The strength of the trailed vortices is determined from a sectional lift calculated in the

rotatingblade,whichiscomputedusingthecomputationalfluiddynamics.Thepresentcoupledmethodwascompared

with other inflow and outflow conditions, such as source–sink and Riemann-invariant conditions. To investigate the

robustness of the present method, grid-size effects were also tested in large and small background grid systems.

Nomenclature

a = distance between velocity position and vortex filament
ac = vortex core radius
a1 = speed of sound
Cp = pressure coefficient
CT = rotor thrust coefficient, thrust=���1R3��R�2�
c = blade chord length
MTip = tip Mach number, �R=a1
R = rotor radius
r = spanwise distance along rotor
y = wake node position
� = flapping angle
� = vortex circulation strength
�bound = bound vortex circulation strength
�trailed = trailed vortex circulation strength
� = pitch angle
 = azimuth angle

I. Introduction

G ENERALLY, wake description is the most important factor in
rotor aerodynamic predictions, because a downwash induced

by the wake changes a rotor’s performance. If the rotor wake is well
simulated, then aerodynamic characteristics of the rotor can be
accurately predicted. However, the wake characteristics are not
clearly described due to a numerical dissipation in the rotor compu-
tational fluid dynamics (CFD) calculation. This dissipation problem
causes a diminishing flow vorticity in the rotor wake. The numer-
ically diminished wake cannot create sufficient induced velocity and
inflow to describe the rotor aerodynamic performance.

Rotornoise,aswellas therotoraerodynamicperformance,depends
on the rotor wake’s behavior. Specifically, an interaction between the
wake and the rotating blades generates an unsteady aerodynamic
instability and noise. In slow descending and maneuvering flight
conditions, the tipvortexand thewakedirectly interactwith theblades
and the fuselage.For these specificflight conditions, the tipvortexand
the wake bring serious aerodynamic instability and noise.

For this reason,manynumericalmethods have been developed and
applied to describe the behavior of the wake. In the rotor CFD,
adapted grid methods and high-order numerical methods [1] have
been developed to reduce numerical dissipation of vortical flowfield.
The adapted grid technique is commonly used to reduce numerical

Fig. 1 Schematic of trailed and bound vortices.

Fig. 2 Process of coupling analysis.

Received 20 August 2009; revision received 14 December 2009; accepted
for publication 21 December 2009. Copyright © 2010 by the American
Institute of Aeronautics and Astronautics, Inc. All rights reserved. Copies of
this paper may be made for personal or internal use, on condition that the
copier pay the $10.00 per-copy fee to the Copyright Clearance Center, Inc.,
222 Rosewood Drive, Danvers, MA 01923; include the code 0021-8669/10
and $10.00 in correspondence with the CCC.

∗Ph.D. Candidate, School of Mechanical, Aerospace, and Systems
Engineering; wsy278@kaist.ac.kr.

†Ph.D. Candidate, School of Mechanical, Aerospace, and Systems
Engineering; poong04@kaist.ac.kr.

‡Professor, School of Mechanical, Aerospace, and Systems Engineering;
jhkwon@kaist.ac.kr. Member AIAA.

§Professor, School of Mechanical, Aerospace, and Systems Engineering;
djlee@kaist.ac.kr. Member AIAA.

JOURNAL OF AIRCRAFT

Vol. 47, No. 4, July–August 2010

1167

http://dx.doi.org/10.2514/1.46797


dissipation. Lately, a vortex-adapted grid using a chimera technique
[2] has been applied to conserve tip vortices of the rotor in forward
flight. These high-order schemes were also used to avoid dissipation
problems.

With recent improvements of the rotor CFDmethod, the advanced
vortexmethods (such as the vortex particle method [3] and the vortex
transport method [4]) have been developed to describe wake
convection. These vortex methods are very powerful in the incom-
pressible flowfield. Tip vortices and the wake of the rotor are
implemented clearly without numerical dissipation. In particular,
aerodynamic unsteadiness andwakemotion can be simulatedwhen a
body is submerged in thewake. However, these vortexmethods have

Fig. 3 Wake sheet in the CFD domain.

Fig. 5 Background grid and blade grids: a) grid 1, b) grid 2, and

c) grid 3.

Fig. 4 Blade grid.

Table 1 Thrust coefficient (MTip � 0:439)a

Background grid Present Source–sink Riemann invariant

Grid 1: 10 � 10 � 10R 0.00494 0.00496 0.00498
Grid 2: 4 � 4 � 4R 0.00494 0.00516 0.00504
Grid 3: 4 � 4 � 4R 0.00492 0.00562 0.00622

a(Experiment CT � 0:00459)
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Fig. 6 Sectional thrust coefficients (MTip � 0:439).
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Fig. 7 Pressure coefficients (grid 3,MTip � 0:439).
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difficulty simulating the rotor aerodynamics, including shock
problems in the high tip Mach number.

Coupling analysis has also been used for rotor aerodynamics and
wake simulation. Berkman andSankar [5] used tip vortices described
by free wake in a potential domain coupled with the Navier–Stokes
solver. Using a tip vortex model, an inflow from far field was
described. However, this model only considered the tip vortex
without an inboard vortex sheet.

The vortex sheet of the prescribed wake was also coupled with
CFD for an efficient and accurate simulation [6]. In this coupling
analysis, a steady analysis was studied and a rigid wake model was
applied for describing the wake of the rotating blades. This method
effectively predicted rotor performance, but it cannot be used in
forward and unsteady motion due to its rigid wake model.

In this paper, a tightly coupled CFD/time-marching free-wake
(TMFW) method is presented for accurate and efficient rotor
aerodynamics prediction of hovering and forwarding flight. The
present TMFW is directly connected with the blade trailing edge in
the CFD domain. The coupling analysis can be used in both the
unsteady and steady states. Because the inboard wake sheet, as well
as the tip vortex, would be considered during the entire set of
computations, it is more realistic and reasonable than the conven-
tional coupling analysis.

Generally, conventional coupling methods have used the velocity
field approach, which considers induced velocity of the rotor wake at
all node points in the computational domain. This velocity field
approach requires a large number of calculations. However, the
present coupling method uses the boundary correction approach. In
the boundary correction approach, induced velocity at the boundary
surface of the computational domain is computed by the rotor wake
sheet of the free wake. The computed induced velocity can provide
an accurate boundary condition. It is more efficient than the velocity
field approach in the unsteady flight condition.

Induced velocity at the boundary means inflow and outflow. For
that reason, hovering flight simulation can be effectively performed,
because the free-wake analysis supports inflow and outflow
conditions in the rotor CFD. To investigate wake effect in detail, the
present coupling analysis was compared with the conventional rotor
CFD approach. In addition, forward flight with blade motion was
also simulated using the present coupling method.

II. Numerical Methods

A. Numerical Schemes

The three-dimensional unsteady Euler equation is a governing
equation:

@Q

@t
� @F
@x
� @G
@y
� @H
@z
� 0 (1)

where

Q� ��; �u; �v; �w; �E�
F� ��u; �u2 � p; �uv; �uw; �uE� pu�
G� ��v; �uv; �v2 � p; �vw; �vE� pv�

H� ��w; �uw; �vw; �w2 � p; �wE� pw�

E� p

�� � 1���
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Fig. 8 Sectional thrust coefficients (MTip � 0:877).

Table 2 Thrust coefficient (MTip � 0:877)a

Background grid Present Source–sink Riemann invariant

Grid 1: 10 � 10 � 10R 0.00553 0.00554 0.00556
Grid 2: 4 � 4 � 4R 0.00560 0.00576 0.00568
Grid 3: 4 � 4 � 4R 0.00549 0.00606 0.00718

a(Experiment CT � 0:00477)
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Fig. 9 Pressure coefficients (grid 3,MTip � 0:877).

WIE ETAL. 1171



The finite-volume method (FVM) is used to discretize the
governing equation. In this FVM, the cell-centered method is used.
Third-order MUSCL is used and a van Leer limiter using Roe’s flux
difference splitting and the Harten–Yee entropy fix function is
applied [7–9]. Time integration to a steady state is accomplishedwith
a diagonalized alternating-direction-implicit scheme, and to increase
time accuracy, a dual time-stepping method is applied for an
unsteady state [10,11]. The boundary inflow/outflow conditions
were determined by coupling with a free wake.

B. Overset Grid and Parallel Computation

The overset grid method is used to describe the rotor blade, which
is separated from some subgrids, to the independent grid system for
each subgrid. The independent grids transfer information of each
subgrid through an interpolation point by the domain connectivity
method. This study used a modified overset grid technique for
robustness and accuracy of flow analysis by arranging the inter-
polation points of overlapped grids away from the boundary of a
multi-subgrid [12].

A structured grid assembly is parallelized using a static load
balancingtied to theflowsolver,basedonthegridsizeofadecomposed
domain. The parallel algorithm is modified for a distributed memory
system. To parallelize the grid assembly, a message-passing
programming model based on the message-passing interface library
is implemented using the SPMD (single-program multiple-data)
paradigm. The parallelized flow solver can be executed in each
processor with the static load balancing by the preprocessor.

C. Conventional Inflow/Outflow Conditions

Inflow and outflow conditions in the far field are very crucial to
predict the rotor performance. In particular, the capability of a
hovering simulation is dependent on the inflow rate due to the
hovering wake structure. In hovering flight, the inflow rate induced
from thewake is usually obtained from a source–sinkmodel based on
one-dimensional momentum theory [13,14]:

outflow:

We ��2MTip

������
CT
2

r
(2)

inflow:

Wr ���MTip=4�
������
CT
2

r �
R

r

�
2

(3)

where We is the outflow rate and Wr is the inflow rate. The inflow/
outflow rates are determined by the thrust coefficient CT , the rotor
radius R, the tip Mach number MTip, and the distance from the
rotation origin r.

In the opening condition, the characteristic boundary condition
can also be used for inflow and outflow.

Riemann invariant:

Ro �Uo �
2a1;o
� � 1

; Ri �Ui �
2a1;i
� � 1

(4)

where the subindices o and i denote the outflow and inflow
properties.U indicates normal velocity at the boundary. The ratio of
specific heat is �. The Inflow and outflowproperties at the farfield are
determined by the Riemann-invariant method.

III. Time-Marching Free-Wake Coupling
for Unsteady Aerodynamics

Generally, an inflow condition of a hovering simulation uses the
source–sink model. It is based on the one-dimensional momentum
theory, which is derived from the fully developed flow. For that
reason, it has a limitation in the rotor simulation of unsteadymotions,
such as the coaxial rotor, slow forward, andmaneuveringmotions. In
the present study, the inflow variation induced by the wake of the
rotating blades is decided by a free-wake routine. It is more general
than the conventional inflow and outflow boundary conditions.

A. Free-Wake Model

Thewake is described as vortex filaments. Induced velocity of the
vortex filament can be obtained from the Biot–Savart law, which is
shown next:

dV � �

4�

dl � a

jaj3 (5)

where dl is the vortex filament length, a is a distance between the
velocity position and the vortex filament, and � is the vortex
strength. From Eq. (5), we see that a singularity occurs at a� 0. To
avoid this singularity problem, a vortex model is used. In this study,
Vatistas et al.’s vortex model [15] is applied. This model is
commonly used in a vortex method. The core size in the model is
0.1 chord, which is correlated with other mathematical and experi-
mental investigations [16].

Vatistas et al.’s vortex model [15]:

v� �
�

2�rc

a=ac�������������������������
1� �a=ac�4

p ; ac: vortex core radius (6)

A high-order scheme for the time integration can be used to predict
an accurate wake position, which is necessary for the performance
prediction. In the present study, a fourth-order Adams–Bashforth–
Moulton method [17] is applied for the time integration. This is a
predictor–correctormethod. Thismethod has been known to bemore
stable than a conventional explicit method for the wake convection.
The fourth-order Adams–Bashforth–Moulton method is given as

Fig. 10 Wake structure (MTip � 0:439, �� 0:05).

Table 3 Average thrust coefficient
(MTip � 0:439, �� 0:05)

Condition: grid Average CT

Present: 3 0.00556
Riemann: 1 0.00567
Riemann: 2 0.00583
Riemann: 3 0.00687
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Fig. 11 Sectional loading coefficient (MTip � 0:439, �� 0:05).
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predictor:

y p � yn �
dt

24
�55Vn � 59Vn�1 � 37Vn�2 � 9Vn�3� (7)

corrector:

yn�1 � yn �
dt

24
�9Vp � 19Vn�1 � 5Vn�1 � Vn�2� (8)

where yp is an intermediate position for the next position yn�1.

B. Tightly Coupled Computational Fluid Dynamics/Time-Marching
Free-Wake Analysis

The rotor CFD is tightly coupled with the full-trailed TMFW. At
each time step, a lifting line is obtained from the CFD calculation of
the rotating blade. Then, this lifting line can make the trailed vortex
filament of the free wake, using a relation between bounded vortices
and trailed vortices. Using the lifting line and the Kutta–Joukowsky
theory, the bound vortices’ strength in the spanwise direction can be
obtained, and the difference between the sectional bound vortices
determines the trailed vortex strength at each time step:

�bound � lift=��Vc�; �trailed ���bound (9)

whereV is a sectional velocity and c is a chord length. The strength of
the trailed vortices is used in a wake roll-up process of the TMFW.
Figure 1 shows the position of the bound vortices and the motion of
the trailed vortices. In the present study, the trailed vortices are placed
at the trailing edge of the rotating blade.Moreover, one trailed vortex
is matched with two CFD grids in a spanwise direction.

After the wake convection process, the TMFW gives an induced
velocity field to the rotor CFD field. The induced velocity of the
trailed vortices is used to correct the inflow and outflow conditions.
The corrected condition provides amore accurate inflow rate near the
rotor plane. In particular, hover and slow forward flight simulations
are dependent on the inflow rate, considering the corrected boundary
condition. This boundary correction approach is different from the
conventional coupling approach. It is more effective in the unsteady
computation, because the boundary correction approach is more
robust and simple than the other coupling analysis. This process of
coupling analysis is shown in Fig. 2.

After the computation of wake roll up, a wake sheet described by
the trailed vortices is generated at each time step. Figure 3 shows that
the wake sheet is directly connected to the rotating blade grid. The
wake roll-up phenomenon is observed near the tip position, because
the tip vortices are stronger than the inboard trailed vortices. Also, a
distortion of the inboard wake sheet is investigated.

IV. Results and Discussion

In this section, hovering, slow forward, and forward flights were
simulated. Specifically, hovering and slow forward simulations were
tested in large (grid 1), medium (grid 2), and small (grid 3) back-
ground grids. Through the grid-size test, the coupled CFD/TMFW
method proposed in this paper will be discussed. Additionally, the
conventional rotor CFD was computed and compared with the
coupled method.

A. Grid-Size Dependence in Hovering Flight

For the hovering case, the two-blade rotor was simulated using
Caradonna and Tung’s experimental rotor model with no taper and
no twist [18]. At the tip Mach numbers 0.439 and 0.877, the
computed results are compared with the experimental results.

The blade grid and the background grid are described in Figs. 4 and
5, respectively. The size of grid 1 is 10 � 10 � 10 radius (total node
number: 837,401). The medium-sized grid, grid 2, has a size of
4 � 4 � 4 radius (total node number: 398,239). Grid 3 has the
smallest size, which is 4 � 4 � 4 radius (total node number:
337,737). The quality of all the grids is equal, because grids 2 and 3
are reduced from grid 1.

In the tipMach number 0.439, rotating blades with a pitch of 8 deg
were calculated for 12 revolutions. The present coupled method’s
results were compared with results of the conventional inflow and
outflowmodels, such as the source–sink condition and the Riemann-
invariant condition (opening condition).

Table 1 shows the total thrust coefficient at each background grid.
The sectional thrust coefficients of the present, the source–sink, and
the Riemann-invariant conditions are compared at each background
grid in Fig. 6. In Table 1 and Fig. 6, the results of the present coupled
method can be seen to be almost the same as the results in grids 1, 2
and 3. However the results of the source–sink and the Riemann-
invariant conditions diverge with grid-size reduction. This means
that the present coupled method is more robust than those of the
source–sink and the Riemann-invariant conditions.

The pressure coefficients of grid 3 are illustrated in Fig. 7. In the
results of grid 3, the source–sink and the Riemann-invariant
conditions failed to predict an aerodynamic loading on the surface of
the rotating blades. Because the source–sink condition is derived
from the fully developed one-dimensional theory, it cannot be used in
grid 3. Moreover, the Riemann-invariant condition cannot describe
the rotor wake out of the computational domain. The present method
can only be applicable to grid 3.

The rotor was simulated at the transonic region as well as the
subsonic region.At tipMachnumber0.877, therotorbladerotateswith
a pitch angle of 8 deg. The total thrust coefficients are compared in
Table 2. In theseflow conditions, the results of the coupledmethod are
better than those of the source–sink and the Riemann-invariant
conditions. In the background of grid 3, the present method can be
applicable.ThesectionalthrustcoefficientsareillustratedinFig.8.The
present results inFig.8 aremore reasonable thanother results.Figure9
shows the pressure coefficients in grid 3. In grid 3, the present results
correspond only with the experimental data. Using the comparison
between the present and the other results, it is found that the present
method can be used generally with small as well as large grids.

B. Slow Forward Flight

Because the source–sink model is not available in the forward
flight condition, the Riemann-invariant (opening) condition or the

Fig. 12 AH-1G rotor model.

Fig. 13 Grid for the forward simulation.

Table 4 Cyclic control angle

Unit: degree �0 �1s �1c �1s �1c

Experiment 6 1.7 �5:5 2.13 �0:15
Present 6.2 1.38 �5:19 2.13 �0:15
Chung 6.1 1.4 �5:6 2.13 �0:15
Yang 8 2.5 �6:5 2.13 �0:15
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present coupled approach should be used for prediction of the
forward flight. In a large grid, the Riemann-invariant and the present
inflow and outflow conditions could be applied. However, in a small
grid, the Riemann-invariant condition would fail, due to its absence
of a far wake.

For comparison between the present and the Riemann-invariant
conditions, slow forward flight without flapping and pitching was
simulated. A hovering model with a pitch angle of 8 deg and an
advance ratio 0.05 was used for slow forward flight.

In Fig. 10, thewake structure during slow forward flight, described
by the free-wake analysis, is shown. The average thrust coefficients
are compared in Table 3. The thrust coefficients of the Riemann-
invariant condition increase when the grid size decreases. Figure 11
shows the sectional thrust coefficients with the azimuth angle at the
specific span positions. In this figure, a big difference in loading
between the grids is shown in the inboard region. It seems that the
inflow rate near the inboard is more sensitive, because the rotating
velocity of the inboard is slower than the tip velocity.

C. Forward Flight with Blade Motion

The rotating blades with cyclic pitch and flapping motions are
simulated in forward flight. The rotor model is a two-blade model
[19]. This model has an aspect ratio of 9.8, a linear twist of�10 deg,
and symmetric airfoil. To avoid aeroelastic effects, a blade with a
small aspect ratio is used. For blade motions, a trim analysis was
conducted by controlling the cyclic pitch angle coefficients. The
Newton–Rhapson iteration method is applied in the trim analysis for
desired thrust and moment:

cyclic pith angle:

�� � � �0 � �1c cos� � � �1s sin� � (10)

flapping angle:

�� � � �0 � �1c cos� � � �1s sin� � (11)

The forward flight conditions are advance ratio 1.9 and rotational
tipMach number 0.65.Under these operation conditions, the average
thrust coefficient is 0.00464. Figure 12 shows the rotormodel used in
the forward flight computation. The grid used in the computation is
shown in Fig. 13. The CFD computation is only applied to the near
field, and the inflow and outflow effects of the far field are considered
using free-wake coupling. In Table 4, the cyclic pitching and the
flapping angle coefficients are listed. The present control angle
coefficients are compared with the results of the experiment by
Chung et al. [20] and Yang et al. [21].

Figure 14 shows the wake behavior after free-wake computation.
A wake distortion is shown from the advancing and retreating
sides. After the rotor trimming, the sectional thrust variation with
the azimuth angle is analyzed. In Fig. 15, the sectional thrusts at the
specific span positions are shown. The present results are similar to
the experimental data. In Fig. 15, the loading variation due toFig. 14 Wake behaviors in the forward flight.

Fig. 15 Sectional thrust.
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Fig. 16 Pressure coefficients.
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vortex interaction weakly occurs at an azimuth angle of 90 deg.
Figure 16 shows the pressure coefficients at the specific azimuth
and span positions. Figures 16a–16c are r=R� 0:6 results, and
Figs. 16d–16f are r=R� 0:91 results. At r=R� 0:91 and an
azimuth angle of 90 deg there is a local shock on the blade surface.
Most of the results in Figs. 15 and 16 are in good accordance with
the experimental data.

V. Conclusions

The present coupled method was applied to predict rotor
aerodynamics. To investigate an advantage of the present method,
not only largegrids but small gridswere used, and the presentmethod
was found to be applicable to small grids. The present method was
applied to forward as well as hovering flight. The results were
compared with the experimental data and showed good agreement.
Here, the rotor aerodynamics computation is possible without a far-
field grid, which means that the present coupled method is very
robust and efficient.

The present method effectively describes the inflow and outflow
induced by the wake structure. Furthermore, grid points can be
intensively concentrated in the near field, because the far field grid is
not necessary. If the blade–vortex interaction of the helicopter rotor is
simulated, this method would be very useful, because blade vortex
interaction (BVI) prediction generally requires huge computational
resources. Moreover, this coupling approach can be widely used in
other fields, such as wind turbines and airscrews.
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