
Application of CFD/CSD Coupling for Analysis of Rotorcraft Airloads

and Blade Loads in Maneuvering Flight

Mahendra J. Bhagwat

ELORET Corp.

Ames Research Center

Mo�ett Field, CA 94035

Robert A. Ormiston

US Army AMRDEC

Aeroightdynamics Directorate

Mo�ett Field, CA 94035

Hossein A. Saberi and Hong Xin

Advanced Rotorcraft Technology, Inc.

1330 Charleston Road

Mountain View, CA 94043

This paper presents calculations of both the rotor airloads and structural loads in the UTTAS
pull-up maneuver performed under the NASA/Army UH-60A Airloads Program. These cal-
culations were performed using a computational uid dynamics code, OVERFLOW-2, coupled
to a rotorcraft comprehensive analysis, RCAS. For the time-varying maneuver calculations,
the two codes were tightly coupled, and exchanged airloads and blade structural deections at
each time step. The coupled solution methodology gives substantial improvement in airloads
prediction because of the ability to model three-dimensional transonic e�ects on the advanc-
ing blades, stall events on the retreating blade as well as the inter-dependent blade elastic
deformations. Correlation with data for both the airloads and blade structural loads is very
good. The use of quasi-steady, loosely coupled solutions to model parts of the maneuver is also
examined. It is found that the airloads and structural loads predictions using this approach
are almost as good as those with a time-accurate tightly coupled calculation.

Introduction

One of the most important and, at the same time, dif-
�cult challenges for rotorcraft aeromechanics analysis is
the accurate prediction of airloads and structural loads
in maneuvering ight. Important, because some of the
largest structural loads | and those that impact rotor-
craft design | are usually encountered in maneuvering
ight, and di�cult, because of the wide range of com-
plex aeromechanics phenomena present. Typically, ro-
tor blade airfoils operate close to the stall region, large
blade elastic deections intensify aeroelastic phenomena
and the operating environment is highly unsteady, and
non-periodic. These di�culties have for many years lim-
ited the accuracy of aeromechanics analysis for high load-
factor maneuvers.

One of the principal issues is the limitation of tradi-
tional rotorcraft aerodynamics methods, based on lifting
line theory and various empirical models for blade un-
steady airloads. A signi�cant step in overcoming these
limitations is available from computational uid dynam-
ics (CFD) methods. In the last several years, major ad-
vances have been made in aeroelastic coupling between
CFD codes and rotor comprehensive analysis codes, en-
compassing relatively sophisticated rotor blade computa-
tional structural dynamics (CSD) models, and thus com-
bine the capabilities of the individual disciplines. Most of
the work has focused on the trim ight condition where
the rotor operates in a steady-state periodic condition,
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e.g., Refs. 1{4. The periodic steady state enables simpli-
�cations of the solution procedure and also reduces com-
putation time. For the commonly accepted CFD/CSD
loose coupling procedure, CFD airloads and CSD mo-
tions are exchanged only at every trim iteration step en-
abling the two analyses to be performed partially inde-
pendently a�ording certain computational advantages.

For general time dependent maneuver conditions, the
CFD airloads and CSD motions need to be exchanged
at every time step with a tight coupling approach. Such
an approach has been employed by a number of inves-
tigators, perhaps most recently and successfully by Ny-
gaard et al. (Ref. 5) and was demonstrated using simple
idealized maneuvers involving transient control inputs
and motions of the rotor blades but for a �xed hub with-
out arbitrary motion of the rotor. The present work is
an extension of Ref. 5. If the maneuver duration extends
over many rotor revolutions, the computation time may
be considerable. Therefore, the possibility of adapting
the loose coupling approach for quasi-steady maneuver
analyses is also explored in the present work.

The NASA-Army UH-60A Airloads Program explored
a broad range of test conditions. The extensive detailed
blade aerodynamic and structural loads measurements
provides excellent opportunities to investigate the capa-
bilities of new computational methods for predicting ro-
torcraft aeromechanics. This ight test program has been
extensively documented in the literature by Bousman
and Kufeld, e.g., Refs. 6{8. The envelope of test points
depicted on a map of vehicle weight coe�cient versus
advance ratio is shown in Fig. 1. The steady state ight
conditions are depicted by single points, corresponding to



steady level ight speed sweeps at various altitudes. The
upper bound of these test points de�nes the maximum
thrust limit of the rotor due to retreating blade stall and
the airfoil maximum lift coe�cient. Figure 1 includes a
representative maximum thrust boundary as determined
by the wind tunnel tests of McHugh et al. (Ref. 9). The
UH-60A ight test results are consistent with wind tun-
nel test boundary although the weight coe�cient does
not distinguish between the isolated rotor thrust and the
fuselage, empennage, and tail rotor forces.
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Fig. 1. UH-60A airloads program test envelope

Also included in Fig. 1 are the time varying CW =�
vs. � values for the UTTAS pull-up maneuver. The
maneuver begins near the maximum level ight speed of
the aircraft and achieves a signi�cant normal load factor
(2.1g) that signi�cantly exceeds the steady state McHugh
boundary (nZCW =�=0.165 vs. 0.12). It is pertinent to
inquire about the mechanism responsible for this capa-
bility; this will be addressed in the paper.

Two other ight test points are of interest for the
present investigation. The high speed level ight condi-
tion (counter 8534) is relevant since it closely duplicates
the initial level ight conditions preceding the UTTAS
pull-up maneuver. The second test point of interest is a
high thrust coe�cient condition at moderate ight speed
lying on the McHugh boundary (counter 9017) that in-
volves considerable blade stall. Both these test points
have been extensively studied using conventional as well
as CFD/CSD methods (Refs. 3, 4).

The purpose of this paper is to apply the CFD/CSD
tight coupling procedure to the problem of a rotorcraft
in maneuvering ight with arbitrary motion. The UH-

60A UTTAS pull-up maneuver will be used for this pur-
pose. The analytical results will be obtained using the
OVERFLOW-2 CFD code coupled with the RCAS com-
prehensive rotorcraft analysis code. RCAS results will
also be presented using conventional aerodynamics mod-
eling for comparative purposes and to illustrate the dif-
ferences between the two approaches. The present work
has been conducted at the US Army Aeroightdynamics
Directorate with sponsorship of the DoD HPC Modern-
ization O�ce as part of the CHSSI CST-05 Project.

The RCAS Code

The Rotorcraft Comprehensive Analysis System (RCAS)
is a comprehensive multi-disciplinary, computer software
system for predicting rotorcraft aerodynamics, perfor-
mance, stability and control, aeroelastic stability, loads,
and vibration. RCAS was developed by the Aeroight-
dynamics Directorate, US Army Aviation and Missile
Research, Development, and Engineering Center (RDE-
COM), to provide state-of-the art rotorcraft modeling
and analysis technology for government, industry, and
academia. The Rotorcraft Comprehensive Analysis Sys-
tem is capable of modeling a wide range of complex ro-
torcraft con�gurations operating in hover, forward ight,
and in maneuvering conditions. The RCAS structural
model employs a hierarchical, �nite element, multibody
dynamics formulation for coupled rotor-body systems. It
includes a library of primitive elements to build arbi-
trarily complex models including nonlinear beams, rigid
body mass, rigid bar, spring, damper, and mechanical
applied load as well as hinges and slides. Rotor and
fuselage modeling is fully integrated with engines, driv-
etrain, control systems, and aerodynamics. RCAS in-
cludes multiple aerodynamic options for airloads, wake
induced ow�elds, and component aerodynamic interfer-
ence. Airloads models include 2-D airfoil and lifting line
models for rotor blade, wings, or empennages and 3-D
airloads for bodies. An overview of RCAS with selected
illustrative examples and validation results is presented
by Saberi et al. (Ref. 10). RCAS has also been used
extensively and validated for other UH-60A airloads cal-
culations (Refs. 11,12).

RCAS UH-60A model

The UH-60A model includes a rotor and a fuselage sub-
system. The vehicle reference frame, called the G-frame,
is attached to the fuselage subsystem node located near
the fuselage center of mass. The rotor subsystem axis is
rotated forward 3 deg. with respect to the fuselage ref-
erence line. The rotor subsystem consists of four identi-
cal blades, pitch control systems, and lead-lag dampers.
A �nite element structural model of the UH-60A rotor
blade is used for the present study. Details the blade
root hinges, pitch control, and the lead-lag damper are



shown in Fig. 2. The outboard tip of the blade is swept
and the structural and aerodynamic axes of the blade
are twisted non-uniformly along the radius. Rigid bars
and spring elements are used to represent the pitch con-
trol linkage and a slide element inputs blade collective
and cyclic pitch control inputs. The spherical elastomeric
bearing is represented by three coincident hinge elements
for ap, lag, and pitch rotation of the blade together with
accompanying values for bearing sti�ness and damping
for each hinge axis. Two alternative models are used
for the blade lead-lag damper: a linear damper element
and a simple nonlinear damper model with load satu-
ration. A mechanical applied load element is used to
apply arbitrary, time dependent forces and moments to
the structure, and is used to apply the CFD airloads to
the CSD model for coupled RCAS/OVERFLOW-2 anal-
yses. Further details of the rotor blade model are found
in Ref. 11

Fig. 2. RCAS �nite element model for the UH-60A

showing hub and blade details

Conventional aerodynamic models are used to gen-
erate baseline RCAS results for comparison with the
RCAS/OVERFLOW-2. The rotor wake used simple uni-
form inow momentum theory for maneuver analyses and
a prescribed vortex wake model for quasi steady calcu-
lations. Airfoil tables for the two di�erent UH-60A air-
foils were used for blade airloads; both Theodorsen the-
ory and the Leishman-Beddoes vortex shedding dynamic
stall model were used for unsteady aerodynamics. The
blade was modeled with 27 discrete aerosegments dis-
tributed from root to tip to represent the local spanwise
twist, chord, and tip sweep of the blade planform.

The OVERFLOW-2 Code

The CFD calculations use the Reynolds-averaged Navier-
Stokes CFD code OVERFLOW-2 (Refs. 13, 14). The
code has been continually developed by NASA and the
Army and has been applied to an ever-increasing range
of uid dynamics problems. OVERFLOW-2 incorpo-
rates modeling of time-dependent rigid-body motion of
components originally developed in OVERFLOW-D, an
o�-shoot from a prior version of OVERFLOW-1. Addi-
tions includes, in particular, the individual rotor blade

motions essential to rotorcraft calculations and the ex-
tensions to include blade elastic deformations. The cou-
pled CFD/CSD calculations using OVERFLOW-D were
reported by Potsdam et al. (Ref. 2), while calculations
with OVERFLOW-2 and RCAS were reported by Ny-
gaard et al. (Ref. 5).

OVERFLOW-2 solutions are computed on structured,
overset grids. The near-body grids are body-conforming
while the o�-body grids are Cartesian and automatically
generated (Ref. 15). Near-body grids are used to dis-
cretize the surface geometries and capture wall-bounded
viscous e�ects. O�-body grids are clustered in several
levels and extend to the far �eld with decreasing grid
density and capture the wakes. In addition to rigid-
body movement of the rotor blades due to rotor rota-
tion, collective, cyclic, and elastic motion is introduced
by the structural mechanics and dynamics. Solutions are
computed on a large cluster of computers communicat-
ing with the message passing interface (MPI) protocol.
Both the domain connectivity and ow solver modules
have been parallelized for e�cient, scalable computations
using MPI.

OVERFLOW-2 UH-60A grids

The OVERFLOW-2 grids used in the present study are
the grids �rst used by Potsdam et al. (Ref. 2). The coarse
grid, with 4.4 million grid points, was chosen for most of
the computations in the interest of computational speed.
This coarse grid was shown to give very little di�erences
in computed forces for steady level ight computations
as compared to a baseline �ne grid with 26.1 million grid
points. Computations for one maneuver revolution are
performed in the present study using both the coarse
and the �ne grid to verify small grid sensitivity.

A 4th-order spatial central-di�erence scheme is used
with standard 2nd-order and 4th-order arti�cial dissipa-
tion terms for the near-body grids. Baldwin-Barth tur-
bulence model was used. The o�-body grids also use the
4th-order spatial central-di�erence scheme but with in-
viscid ow modeling to minimize wake dissipation. A
1st-order temporal scheme was used with a time-step of
0.05 degrees (7200 steps per rotor revolution) to ensure
numerical stability.

Fluid/Structures Interface

The Fluid/Structures Interface (FSI) framework used to
couple the CFD model with rotorcraft comprehensive
analysis is described in detail in Ref. 5. The central idea
was to provide blade elastic deections from the com-
prehensive analysis to the CFD solver and the aerody-
namic forces computed by CFD back to the comprehen-
sive analysis. This data exchange is done through �le i/o
to maintain code modularity. The loose coupling (LC)



algorithm �rst developed by Tung et al. (Ref. 16) is used
for periodic solutions. For maneuver calculations, the
tight coupling (TC) algorithm is used where the deec-
tions and airloads are exchanged at every time step. At
present, a \lagged" scheme is employed where the com-
prehensive analysis (i.e., the structural solution) precedes
the CFD solution by one time-step. The deections at
the new time-step are calculated using the CFD airloads
from the previous time-step in an explicit manner. The
new deections are then provided to the CFD solver and
new forces are computed. Since the time-step used in
the current study is small, the time-lag between the two
solvers is not a signi�cant concern.

Original FSI implementation transferred only the nor-
mal force, chordwise force and pitching moment from
the CFD solver. This was readily extended to include
all six force and moment components. An interpola-
tion/integration scheme was developed to ensure that the
loads transfered from OVERFLOW-2 to RCAS are con-
sistent in an integral sense. To achieve this the CFD
airloads are integrated over the RCAS spanwise aero-
dynamic segments, rather than simply interpolating the
values to the RCAS aerodynamic control points (ACPs).
This is schematically described in Fig. 3 where an exam-
ple CFD normal force distribution and the RCAS blade
aerodynamic segments are shown. The airload at the
ACP is determined by integrating the CFD airloads over
the corresponding segment as shown by the shaded area
under the normal force curve. This is essentially a simple
conservative �nite element interpolation scheme (Ref. 17)
with a constant load distribution over the aerodynamic
segments. This scheme is used for all the six airloads
components and gives a less than 0.5% discrepancy be-
tween the integrated CFD airloads and the airloads seen
by RCAS blade model.

CFD airload
 distribution

Airloads are integrated over
RCAS aerosegment to set
the value at RCAS ACP

RCAS aerosegments

RCAS ACPs

Fig. 3. Integration/interpolation to transfer CFD air-

loads from OVERFLOW-2 to RCAS ensuring that

the integrated loads are conserved

The FSI framework was extended to exchange not
only the airloads and blade deections but also the ight
conditions between RCAS and OVERFLOW-2. The ve-

hicle global frame motions are incorporated into the CFD
ow solver through the FSI using the orientation and ve-
locities of the RCAS vehicle frame. The vehicle angular
rates during a maneuver directly translate into an equiva-
lent velocity seen by each of the grid points (cross product
of the angular rates and distance from rotation center).
In addition to this, the e�ective freestream velocity in the
CFD system may need to be changed with time as the
vehicle orientation changes. This is achieved by adding
grid speeds to the time metrics in the ow solver. The
di�erence between the equivalent air speed in the RCAS
vehicle frame (translational velocity minus physical wind
velocity) and the freestream velocity in CFD is added
to the time metrics. Essentially, this process mimics the
RCAS vehicle orientation changes in CFD by correspond-
ingly changing the freestream velocity such that the net
incoming ow seen by the vehicle (or rotor) is identical
in both RCAS and OVERFLOW-2 solutions.

The RCAS and OVERFLOW-2 coordinate systems
along with the UH-60A models are shown in Fig. 4. The
OVERFLOW-2 coordinates are a Cartesian system with
the x-axis pointed aft, y-axis to the right and z-axis up.
RCAS uses several coordinate systems, with each compo-
nent and elements having their own coordinate systems.
Each of these systems can be readily related to the iner-
tial system through transformation matrices. The vehi-
cle global system (G-frame) is typically attached to the
fuselage near the aircraft center of mass. The inertial
system is �xed with the z-axis pointing downward. The
x-axis points north by convention and in the example
shown, the aircraft has a heading of about 105 deg (at
the beginning of the UTTAS pull-up). As the coordinate
transformations are readily available in RCAS, it is easy
to supply the CFD solver with the shaft orientation, ve-
hicle velocity and the wind velocity in the inertial-frame.
Although the RCAS vehicle frame may change orienta-
tion during a maneuver, the relationship between the
CFD-system and the RCAS inertial system is also known
through user-speci�ed inputs describing the CFD system
origin and initial orientation in the CSD system. With
this information, OVERFLOW-2 can calculate the grid
speeds necessary to ensure that the relative ow speed
seen by the rotor is the same in both models.

The grid speed to be added to each CFD grid point
to ensure a consistent ow�eld between the RCAS and
OVERFLOW-2 models are given by

Vmaneuver = V1;CFD�Vwind;CSD+Vtranslation;CSD+Vrotation;CSD

where all of the velocity components are expressed in the
CFD coordinate system.

In maneuvering ight, this approach is essential to
provide the time-dependent vehicle translation and rota-
tional motions from RCAS to CFD. Even for trim calcu-
lations with LC, this approach ensures that the correct
ight conditions like roll/pitch attitudes from RCAS are
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conveyed to the CFD solver. For example, in full aircraft
(6-DOF) trim, the roll/yaw attitude of the aircraft may
change as the trim solution progresses and will be di�er-
ent from the initial conditions set in the CFD ow solver.
With this extended FSI implementation, the ow condi-
tions in CFD are correctly set using the RCAS ight
conditions, rather than the original CFD inputs. This
grid speed approach avoids having to reorient the com-
plete CFD grid geometry, which might result in the need
for o�-body re-meshing/adaption.

Validation of the RCAS/OVERFLOW-2 FSI

Maneuver calculations were started from a well-
converged LC trim solution for steady level ight. An
example of this transition from LC to TC is shown in
Fig. 5, where blade normal force coe�cient at 77% radial
station is shown as a function of time (blade azimuth) for
both LC and TC calculations. No control input changes
were applied during the calculation and, therefore, the
rotor should, and does, remain in trim. This is readily
seen in Fig. 5 where the TC results for the four individ-
ual blades closely follow the LC result (which is identical
for all four blades). The small blade-to-blade di�erences
seen in the TC solution are because the four blades in the
CFD solution are converged to the same periodic solution
with a small tolerance. Nevertheless, these di�erences are
small enough not to a�ect the maneuver calculations, and

can be easily reduced further by increasing the number
of revolutions of the LC solution.
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To exercise and validate this time-accurate TC ma-
neuver capability, a simple test problem was set up to
calculate the rotor response to a vertical translation exci-
tation and an equivalent vertical wind gust. The aircraft
in steady level ight moves downward at a constant 20 fps
rate over a quarter rotor revolution and then moves up
at the same rate over the next quarter revolution. This
is equivalent to the aircraft encountering a vertical gust
of the same magnitude but opposite direction as shown
in Fig. 6. If the rotor is completely rigid, then these
two excitations are equivalent and would show identi-
cal responses. The calculations for these two cases are
shown in Fig. 6(a) as the perturbation normal force coef-
�cients at 77% spanwise station. The two responses are
identical with an initial increase in normal force as the
gust/vehicle motion reduces the inow seen by the rotor.
The transient response quickly diminishes because the
rotor is rigid. For a exible rotor, however, the two exci-
tations are not equivalent, as can be seen from Fig. 6(b).
At the 77% spanwise station, the e�ect of the gust is seen
immediately with an initial increase in normal force. On
the other hand, the vehicle motion applied at the hub is
felt at the 77% span station only after some time because
of the blade elastic dynamics. As a result, the responses
to the two excitations are signi�cantly di�erent.

Another important aspect of the time-accurate TC
approach is the ability to save and restart a run. The
maneuver calculations presented in this study span over
forty rotor revolutions. Computational job/queue limi-
tations make it impractical to run the entire coupled ma-
neuver calculation as a single run. Typically it is broken
into several runs spanning four rotor revolutions each.
At the end of each run both RCAS and OVERFLOW-2
save some restart �les, which are used in the subsequent
run. It is imperative that the time-accurate calculations
do not introduce any numerical transients as an artifact
of the restart process between two such runs. To ver-
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ify this, example calculations were run where one long
run was broken into two pieces. Computed rotor aero-
dynamic thrust is shown in Fig. 7 as a function of time
(rotor revolution). The two-part calculations are identi-
cal to the single run demonstrating a seamless restart.

The UTTAS Maneuver

The principal focus of the paper is the analysis of the
UH-60A UTTAS pull-up maneuver performed during the
NASA/Army UH-60A Airloads Program. The maneuver
and relevant data acquisition procedures will be briey
described. After an brief period to stabilize the 158 knots
high-speed, level ight initial condition, an aggressive
maneuver was initiated that achieved a 2.1g normal load
factor within approximately two sec. The pull-up was
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executed primarily as a longitudinal maneuver and con-
cluded with a pushover recovery. After 40 rotor revolu-
tions the aircraft returned to roughly 0.65g normal load
factor with the entire maneuver lasting about 9.5 sec.

The data measured during the ight test program
were processed and recorded as a function of time in the
TRENDS database system. Data for the UTTAS pull-
up maneuver, counter 11029, were subsequently down-
loaded in Plot/Database (P/DB) �les.Each revolution
was downloaded as a separate P/DB �le; those were
later concatenated into a single �le for the entire 40 rev
maneuver time history. The �les included the following
parameters: blade airloads consisting of airfoil section
normal force, chord force, and pitching moment for nine
blade radial locations based on integrated blade surface
pressures; blade loads and motion data consisting of at-
wise and edgewise bending and torsion structural loads,
pushrod and damper loads, rotor shaft torque and bend-
ing moment, and blade pitch, ap, and lag hinge motion;
and the aircraft motion data, including linear and an-
gular position, velocity, and acceleration of the vehicle
center of mass. All of this data was used either as in-
put to de�ne the maneuver analysis, or to compare with
results produced by the RCAS and OVERFLOW-2 ma-
neuver analyses.

In order to understand the details of the UTTAS pull-
up, time histories of the principal maneuver parameters
will be described in the following �gures. The normal
load factor in g, and the angle of attack, �, pitch attitude,
�, and ight path angle, , in degrees are all presented
in Fig. 8. The initial period of steady-state level ight
extends for about four rotor revolutions before the aft
longitudinal cyclic input is initiated. A small discrepancy
(approximately 3 deg.) in vehicle angle of attack and
pitch attitude is present; strictly speaking, in level ight,
angle of attack and pitch attitude should be identical. It
is surmised that the angle of attack measurement may
be inuenced by the fuselage and rotor ow�eld in high
speed ight even though the sensor vane is located well



ahead of the nose of the aircraft (see Fig. 1).

Following the initiation of the cyclic control input, the
rotor thrust and normal load factor responses slightly
precede the angle of attack and pitch attitude response.
The 2.1g peak normal load factor is achieved during revs
15{17 followed by peak pitch angle and angle of attack
of roughly 30 and 10 deg. respectively at rev 19. The aft
cyclic input is removed at rev 17 and normal load factor
diminishes to 1.0 and then 0.65 at the end of the record at
rev 40. Pitch attitude recovers to 10 deg., at rev 40 but
the ight path angle is still at 30 deg., consequently, the
aircraft is at a peak 20 deg. negative angle of attack! Full
recovery to steady level ight does not occur for another
30 or so revs but the maneuver analysis does not extend
beyond 40 revs.
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The associated pitch, roll, and yaw rates, (p; q; r), are
presented in Fig. 9, and the sideslip, �, roll, �, and yaw,
� , angle excursions are presented in Fig. 10. These
measurements show that the maneuver was primarily a
longitudinal pull-up, but moderate lateral responses oc-
curred, not unexpected given the high speed ight con-
dition and the aggressiveness of the maneuver. Finally,
Fig. 11 shows the variations in rotor speed and aircraft
velocity and the altitude gained during the maneuver.
The airspeed decreased by 38% while the rotor speed re-
mained nearly constant with momentary deviations on
the order of 1%. Advance ratio decreased from 0.36 to
0.22. At the end of the data record, the aircraft had
gained several hundred feet of altitude and was still in
climbing ight. Calculated vehicle vertical (z) position
is also shown for comparison.

Maneuver Analysis

The RCAS code enables a variety of maneuver analyses
| nonlinear transient responses to input variables | to
be performed in the time domain. Typically, but not nec-
essarily, these analyses are preceded by a trim analysis

-15

-10

-5

 0

 5

 10

 15

 20

 25

 0  5  10  15  20  25  30  35  40

A
n
g
u
la

r 
ra

te
s
 (

d
e
g
./
s
)

Time (rotor revolutions)

p

q

r

Fig. 9. Pitch, roll and yaw rates, (p; q; r)

-20

-15

-10

-5

 0

 5

 10

 15

 0  5  10  15  20  25  30  35  40

A
n
g
le

 (
d
e
g
.)

Time (rotor revolutions)

β

φ

∆ψ

Fig. 10. Sideslip, �, roll, � and yaw angle, � 

 160

 170

 180

 190

 200

 210

 220

 230

 240

 250

 260

 0  5  10  15  20  25  30  35  40

 5900

 6000

 6100

 6200

 6300

 6400

 6500

 6600

 6700

A
ir
s
p
e
e
d
, 
ro

to
r 

R
P

M
 (

fp
s
/r

p
m

)

A
lt
it
u
d
e
, 
z
-p

o
s
it
io

n
 (

ft
)

Time (rotor revolutions)

U, fps

Ω, rpm

Altitude, h, ft

Vertical position, z

Corrected vertical position

Fig. 11. Airspeed, U , rotor speed, 
, pressure alti-

tude , h and the calculated vehicle input vertical (z)

position

to determine control variables to satisfy appropriate trim
constraints. A full free-ight maneuver would involve
ight dynamic and aeroelastic response of a complete ro-
torcraft to time varying pilot control inputs. For the
UTTAS pull-up maneuver of this paper, the analysis is
limited to the calculation the aerodynamic and dynamic



responses of the four main rotor blades to prescribed ro-
tor pitch control and hub motion inputs measured during
the ight test. Using the experimentally measured vehi-
cle motion insures more consistency than a full free-ight
maneuver analysis since the airload and blade loads com-
parisons will correspond more closely to the same rotor
operating conditions.

For the present RCAS maneuver analysis, the input
consists of the time history of 21 rotor pitch control and
rotor motion parameters. The three rotor controls are
the collective, lateral cyclic, and longitudinal cyclic pitch,
and the motion inputs are the 18 linear and angular po-
sition, velocity, and acceleration components of the ro-
torcraft with respect to inertial space. In RCAS, the ref-
erence frame for de�ning vehicle motion is the G-frame
that is usually located near the nominal center of mass of
the vehicle. The motion at rotor hub reects the G-frame
motion and the location of the rotor hub with respect to
the G-frame origin.

Vehicle Motion Input Data

The G-frame motions for the RCAS maneuver analysis
were obtained from the ight test measured vehicle mo-
tion parameters as follows. The measured vehicle veloc-
ity was combined with the angle of attack and sideslip an-
gle to calculate the three velocity components in vehicle
body axes. These were transformed using the measured
body roll, pitch, and yaw orientations to yield linear ve-
locities in inertial space. Similarly, the angular velocities
in inertial coordinates were obtained from angular ve-
locities measured in vehicle body coordinates. Likewise,
linear and angular accelerations with respect to inertial
space were determined. The calculated vertical motion
is compared with the measured vertical position (from
barometric pressure) in Fig. 11. The results show large
di�erences because of the initial climb angle discrepancy
discussed earlier. After including adjustments made for
the initial climb angle discrepancy discussed earlier, the
results are reasonably consistent. However, this small
climb rate implies a larger rotor torque (see later).

Rotor Pitch Control Input Data

The rotor blade pitch control input data time history
is important to accurately calculate rotor response. In
steady ight, the periodic motions of each blade are iden-
tical and a single blade's pitch angle is su�cient to de�ne
the rotor collective and cyclic pitch. During a transient
maneuver, the blade motions are neither the same nor pe-
riodic; consequently collective and cyclic pitch are time
varying and depend on the pitch of each blade.

During the UH-60A ight tests, motion of each of the
four blades was measured with specially designed instru-
mentation. The apping, lead-lag, and pitch motion of

the blade root is de�ned by rotations of the blade spher-
ical elastomeric pitch bearing. These rotations were in-
directly measured by a mechanical apparatus known as
blade motion hardware (BMH) consisting of a system of
links and rotary transducers. The blade pitch, ap, and
lead-lag, angles were obtained from a nonlinear trans-
formation of the BMH angle measurements. Since the
transformation related all three BMH angles to all three
blade motion angles, experimental error in a single BMH
angle measurement propagated to all three transformed
blade angles.

In fact, several of the BMH angle data records for
counter 11029 contained signi�cant measurement errors
for blades 1 and 4. Consequently, the rotor collective and
cyclic pitch input time histories were based on only the
blade 2 and 3 pitch angles. This reduced the accuracy of
the higher frequency content of the collective and cyclic
pitch, but this is probably not of great importance given
the relatively slow time scale of the maneuver. In ad-
dition to these issues, the resultant rotor control angles
were inconsistent with the equilibrium ight condition
for the steady-state level ight portion of the maneuver
preceding the pull-up. Therefore adjustments were made
to the three rotor pitch controls based on trim solutions
obtained with RCAS and OVERFLOW-RCAS compu-
tations. These adjustments were then added to the ma-
neuver control input time history. Figure 12 shows the
adjusted control time histories that were used for the
maneuver analyses along with the unadjusted measure-
ments. The OVERFLOW-RCAS and RCAS adjustments
di�er primarily because of the di�erences in the rotor
wake modeling.
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Maneuver Analysis Results

Before computational results are presented, the di�erent
analyses that were conducted will be briey discussed.
Three separate analysis categories are included.



Analysis Overview

The standard maneuver analysis for RCAS without cou-
pling to the CFD code typically involves performing the
trim solution to determine rotor controls in steady state
ight. First, a separate three-DOF trim solution yielded
the rotor collective and cyclic controls that satis�ed trim
targets for rotor thrust, pitch, and roll moments. The
maneuver was performed in a second run where the in-
put time history for controls and G-frame motions were
loaded from a �le and two separate analyses sequen-
tially performed using RCAS useradditionalpretrim

and useradditionalanalysis scripts tailored to the
speci�cs of the UTTAS pull-up maneuver. The �rst
script initialized the periodic solution using inputs for
the �rst maneuver time step and the second script exe-
cuted the transient maneuver for the full maneuver time
history. The time step size was typically 72 time steps
per revolution (5 deg. azimuth).

The second maneuver analysis was performed to cal-
culate the rotor forces and blade structural loads in re-
sponse to the ight test measured blade airloads. This
so-called mechanical airloads (Ref. 11), or measured air-
loads, analysis was primarily performed to determine the
net rotor thrust from integration of the measured airloads
over the rotor disk. Accurate integration of the normal
and chordwise forces and the pitch moment airload dis-
tributions requires simultaneous calculation of the blade
elastic deections to properly orient the blade airloads,
therefore a full aeroelastic maneuver analysis using the
measured airloads was conducted. Even for steady-state
conditions, the mechanical airloads analysis is subject to
unique accuracy issues associated with structural dynam-
ics response of lightly damped systems (Refs. 11,12) and
some of these issues were encountered during the present
analysis. However, reasonable results were obtained for
the rotor thrust.

The third, and principal analysis, was the coupled
RCAS/OVERFLOW-2 maneuver analysis. The maneu-
ver analysis was initiated from a LC trim calculation.
The trim targets for this case were same as those for the
counter 8534, but the vehicle initial conditions (orienta-
tion, velocity) were set using the initial time step of the
maneuver time history. The maneuver calculations were
started using this LC solution as initial condition for both
RCAS and OVERFLOW-2. The maneuver pilot control
inputs were adjusted to match the trim pilot inputs |
see the shift between analysis inputs and data in Fig. 12.
The calculation was split into four-revolution pieces and
each run used restart information for both RCAS and
OVERFLOW-2 from the previous run. To examine the
validity of the LC approach during the maneuver three
revolutions where the load-factor was close to maximum
were calculated using a quasi-steady LC approach. In
this case, the inputs were averaged over one rotor revo-
lution and held constant (accelerations were set to zero).

Computational results will now be presented for the
UTTAS pull-up maneuver. Results will include rotor hub
force and moment reactions (thrust & shaft torque, up-
per shaft bending moment), detailed blade airloads pre-
dictions and then progress to blade structural loads. Re-
sults will be compared with measured data in most cases
and conventional RCAS results will be included for com-
parison as appropriate.

Unless otherwise noted, the baseline results use the
nonlinear damper, the sti� pushrod, and the pitch bear-
ing damping of 20 lb-ft/rad/sec. The baseline RCAS re-
sults use the uniform inow wake and Leishman-Beddoes
dynamic stall model. Note that because of the simple
wake model, this should not be considered a state-of-
the-art lifting-line calculation. The full maneuver RCAS
results include all 40 rotor revolutions, the full maneuver
for the RCAS/OVERFLOW-2 results include the �rst 24
rotor revolutions.

Rotor Hub Vertical Force

The �rst results examine the overall rotor thrust and mo-
ment characteristics during the UH-60A UTTAS pull-up
maneuver including the inuence of several aerodynamic
and modeling variations.

The rotor hub vertical force calculated by both
RCAS/OVERFLOW-2 coupled analysis (denoted as
R/O2 for brevity) and RCAS alone during the pull-up
maneuver is shown in Fig. 13. This is the net hub force in
the rotor shaft direction, FZ , and includes the force of the
blade weight and the maneuver load factor. The initial
thrust force is for trimmed ight; thrust equals vehicle
weight plus estimated fuselage and tail download. The
maneuver thrust variation with time, plotted in units of
rotor revolution, shows the thrust increase and decrease
during the pull-up. The vibratory thrust oscillations are
caused by the unsteady aerodynamics as well as inertial
reactions to the G-frame acceleration inputs. The thrust
oscillations are primarily 4/rev along with some 1/rev
content. The R/O2 and RCAS results are very similar
during �rst ten revs of the maneuver but begin to depart
thereafter; notably, the R/O2 maximum thrust exceeds
the maximum RCAS thrust by roughly 3000 lbs. As the
thrust decreases, the di�erence diminishes and the two
results converge around the 24th rev. It appears that the
RCAS conventional aerodynamic modeling produces an
earlier rotor stall than the OVERFLOW-2 CFD aerody-
namics modeling.

Since the rotor thrust was not directly measured dur-
ing the UH-60A Airloads Program, it is not possible to
directly evaluate the accuracy of the calculated rotor
thrust. However, there are two ways to indirectly check
the analysis, �rst from the normal load factor and second
from the integrated blade pressure measurements. As
discussed earlier, the mechanical airloads analysis pro-
vided an integration of the measured airloads for the
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Fig. 13. Calculated hub vertical force

rotor thrust force and shaft torque. One more compo-
nent of the vertical force equilibrium that must be in-
cluded is the contribution of the fuselage and horizontal
tail. These contributions are calculated using an empir-
ical model for the UH-60A fuselage and tail commonly
used in �xed-based simulations. It represents fuselage
aerodynamics with a data table of coe�cients parame-
terized by angle of attack and sideslip. Horizontal tail
forces are based on lifting line theory and include the
measured tail incidence time history. These results will
now be compared as a check on the equilibrium of the
component forces acting in the rotor shaft direction.

The �rst comparison (Figure 14) presents the force
balance based on the measured airloads of the rotor for
the full 40 rev maneuver time history. Integrated air-
loads result is presented in terms of the per-rev average
measured airload. The �gure also includes the calculated
fuselage and horizontal tail lift and it is clear that this
force is signi�cant, varying from about 1700 lbs down-
load in trim ight to a maximum of nearly 5000 lbs, a net
di�erence of close to 7000 lbs. This represents roughly
20% of the maneuvering lift. Ideally, the fuselage and
tail force would be equal to the di�erence between the
total vehicle force and the rotor force (also included in
Fig. 14), however, either this force is overpredicted, or the
integrated airload measurement is too high. If previous
experience is considered accurate (Ref. 2), it would be ap-
propriate to reduce the integrated measured airloads by
7-10%, in which case all three thrust constituents would
be in good agreement, including the variation as a func-
tion of time.

The second result in Fig. 15 repeats the force balance
comparison using the R/O2 and RCAS thrust calcula-
tions. The thrust data from Fig. 13 is here converted to
the per-rev averages. The rotor thrust and vehicle total
force include the rotor weight and inertial forces. Here
again, the force balance results are quite reasonable, ex-
cept perhaps at the end of the maneuver from revs 30{40
where the predicted result predicted by RCAS decreases
below the total vehicle force implying an unrealistic posi-
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tive thrust contribution from the fuselage and tail. Since
RCAS and OVERFLOW are in good agreement during
the �rst part of the maneuver, before the highest thrust
region, it is expected that OVERFLOW would experi-
ence the same discrepancy for revs 30{40. It is hypothe-
sized that this discrepancy may be the result of inaccu-
racies in the rotor controls or vehicle motion maneuver
input history. One �nal note is that the thrust capability
of conventional aerodynamic methods, as manifested by
the RCAS results, is de�cient by approximately 3000 lbs
in supplying the rotor thrust needed to achieve the the
2.1g normal load factor of the UTTAS pull-up maneuver.
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Rotor Hub Shaft Torque

The rotor shaft torque calculated by R/O2 and RCAS
during the pull-up maneuver is shown in Fig. 16. Here,
direct shaft torque measurements are also available. The
calculated and measured results are in general agreement
but di�er in a number of areas. During the pull-up, the
torque decreases as the shaft angle of attack increases and



the rotor operating state shifts in the direction of autoro-
tation. The calculated results overpredict both the ini-
tial steady-state torque and the reduction in shaft torque
during the pull-up. The initial overprediction may be re-
lated to the discrepancy in ight path angle present in the
G-frame motion input during the steady-state part of the
maneuver. In addition, the shaft torque prediction is sen-
sitive to airfoil drag characteristics especially for stalled
conditions. Also evident in the shaft torque calculations
are low frequency transient responses. These are mani-
festations of the blade fundamental lead-lag mode that
has a natural frequency near 0.3 per rev. Maneuver exci-
tations due to the G-frame angular accelerations as well
as control input variations easily excite responses of this
mode and these appear as lightly damped shaft torque
reactions.
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Fig. 16. Main rotor torque

The 4/rev vibratory shaft torque amplitude is roughly
similar to the measured vibratory torque level. This will
be sensitive to the impedance, or dynamic coupling, of
the rotor drive train system that is not included in the
RCAS structural dynamics modeling for this problem.

Rotor Shaft Bending Moments

Rotor hub pitch and roll moments are basic ight dy-
namics parameters that reect the interplay between pi-

lot control inputs, pitch rate, and vehicle angle of at-
tack response that determine the trajectory and normal
load factor of the pull-up maneuver. The hub moments
are measured indirectly as bending moments of the ro-
tor shaft just below the rotor hub. This upper shaft
bending moment is measured in the rotating system and,
since only one of two orthogonal components is avail-
able, the �xed system pitch and roll moments cannot
be determined (for unsteady conditions) by resolving the
two shaft bending moment components in the rotating
system. Nevertheless the single shaft bending moment
component can be compared with the predicted result as
shown in Fig. 17. Figure 17(a) compares the time his-
tory for the �rst 24 revs of the R/O2 result with test
data. Figure 17(b) shows the corresponding per rev 1/2
peak-to-peak (1/2-PTP) comparison. The predominant
1/rev response of the shaft bending moment implies a
steady hub moment proportional to the waveform ampli-
tude with the pitch/roll components determined by the
waveform phase. The predicted results, both 1/2-PTP
as well as the waveforms are in general qualitative agree-
ment with the test data up until the peak load factor be-
fore the amplitude and waveform comparisons begin to
signi�cantly depart. In fact the measured hub moments
become very small and the waveforms very distorted, in-
dicative of an unexplained change in the rotor response
behavior. Similar behavior will be observed later for the
blade apping results, not surprisingly since the rotor
hub moments are directly related to rotor blade apping
angle.

Rotor Blade Motion

Blade pitch angles are compared in Fig. 18 for Blade 2
showing both the waveform time histories and the 1/2-
PTP amplitudes. The di�erences include the collective
and cyclic adjustments applied to the maneuver input
history and the small di�erence between the control input
applied to the base of the pushrod and the calculated
pitch angles at the pitch hinge that reect the e�ect of
pushrod elastic deections.

Blade apping angles during the maneuver are com-
pared for Blade 2 in Fig. 19 again showing both the
waveform time histories and the 1/2-PTP amplitudes.
As noted above, there are strong similarities to the rotor
shaft bending moments comparisons shown in Fig. 17.
During steady-state level ight, the R/O2 and RCAS
results are similar to the test measurements for both
waveforms and cyclic amplitude. During the pull-up
maneuver, all three apping angles diverge. The R/O2
cyclic amplitude over-predicts the measured ap angle
while the RCAS result under-predicts it initially. Inter-
estingly, the RCAS and R/O2 results mainly di�er only
from revs 10 to 20, the same time period where RCAS
thrust could not match the R/O2 thrust (see Fig. 13).

The implication of this is that blade stall may well



-20000

-15000

-10000

-5000

 0

 5000

 10000

 15000

 20000

 0  5  10  15  20  25  30  35  40

U
p
p
e
r 

s
h
a
ft
 b

e
n
d
in

g
 m

o
m

e
n
t 
(l
b
-f

t)

Time (rotor revolutions)

R/O2

Data

 4000

 6000

 8000

 10000

 12000

 14000

 16000

 18000

 20000

 0  5  10  15  20  25  30  35  40

U
p
p
e
r 

s
h
a
ft
 b

e
n
d
in

g
 m

o
m

e
n
t,
 1

/2
 p

e
a
k
-t

o
-p

e
a
k
 (

lb
-f

t)

Time (rotor revolutions)

R/O2

Data

Fig. 17. Rotor shaft bending moment

be inuencing the blade apping. Unusual behavior oc-
curs between revs 20 to 30. Near rev 20, the experimen-
tal blade apping amplitude diminishes signi�cantly, the
waveform becomes distorted with a predominant 2/rev
content. Similar changes occur for the RCAS apping
angle near rev 26. Other di�erences are also evident for
apping phase that reect variations of the rotor tip-
path-plane angle throughout the maneuver from forward
tilt in level ight to aft tilt during the pull-up and back to
forward tilt as the vehicle angle of attack becomes neg-
ative during the recovery to level ight. The 1/2-PTP
variations for apping of all four blades is shown to high-
light blade-to-blade di�erences. Some of the di�erences
between calculated and measured apping angle can be
attributed to measurement errors associated with the
BMH instrumentation discussed above although it must
be noted that the apping angle behavior is strongly cor-
related with the rotor shaft bending moment. Another
explanation for the di�erences could be inaccuracies in
the maneuver control and motion inputs | clearly, these
would introduce errors in the blade apping responses.

Finally, representative blade lead-lag angle responses
are compared in Fig. 20 for Blade 2. The general features
of the lead-lag angle maneuver response is very similar to
the rotor shaft torque response as would be expected. For
these results, the R/O2 predictions compare more closely
with the ight test measurements than the RCAS results.
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Fig. 18. Blade #2 pitch angle

Again, some of the di�erences between predictions and
test data, as well as blade-to-blade variations, can be
attributed to the BMH instrumentation issues.

Maneuver Thrust Augmentation

The R/O2 results for rotor thrust have been shown to
be generally consistent with the total vertical force bal-
ance of the aircraft at the 2.1g peak load factor of the
maneuver. This level of rotor thrust substantially ex-
ceeds the steady state McHugh rotor thrust boundary,
and thus it is of interest to understand how the rotor
thrust can be augmented in the maneuver condition. Ac-
counting for the e�ects of fuselage and tail lift, the ma-
neuver thrust augmentation is approximately 15% at the
peak load factor. It is also of interest to understand why
the RCAS peak rotor thrust is signi�cantly less than the
R/O2 thrust capability.

It has been suggested that an increase in maximum ro-
tor thrust capability in maneuvering ight results from
the pitch-rate-induced gyroscopic roll moment associated
with the positive pitch rate of the aircraft during the
pullup. Moment equilibrium in the roll axis requires that
an external moment be provided to balance the gyro-
scopic moment and this can only be produced by the ro-
tor blade normal force airloads. The direction of the roll
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Fig. 19. Blade #2 ap angle

moment requires the advancing blade to increase lift and
the retreating blade to reduce lift and fortuitously this
relieves the lift requirement of the retreating blade. This
translates into increased stall margin | that is, the rotor
can produce more thrust before reaching the retreating
blade stall limit.

This was checked by running the RCAS maneuver
analysis without the G-frame angular velocities. The
result was a reduction in peak thrust of approximately
3000 lbs (implied 12.5% thrust augmentation) and in-
crease in aft rotor tip-path-plane tilt as would be ex-
pected.

RCAS and conventional aerodynamics predicted lower
rotor thrust during the maneuver than R/O2 when sig-
ni�cant blade airfoil stall was present. It is sometimes
argued that unsteady phenomena occurring during the
transient maneuver would enable the rotor airfoil stall
to be delayed to higher lift levels and possibly generate
higher peak rotor thrust. However the maneuver pull-up
time scale is much slower than the time scale of dynamic
stall events occurring locally around the azimuth, i.e.,
the rotor angular velocity and the blade torsion mode
frequency. Thus it is unlikely that bene�ts from dynamic
stall overshoot would be any more manifest in maneuver-
ing ight than in steady state ight. This would seem to
be supported by results from RCAS maneuver analyses
made with Theodorsen linear unsteady aerodynamics. In
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Fig. 20. Blade #2 lag angle

fact, these results showed an increase of about 1000 lbs in
peak thrust compared to the baseline Leishman-Beddoes
result. Similar results were found the analytical investi-
gations by Yeo (Ref. 18).

Blade Airloads

The blade airloads results are presented as section normal
force and pitching moment coe�cients (timesM2) at four
spanwise locations: 67%R, 86.5%R, 92%R and 96.5%R.
The R/O2 computations are shown along with measured
data over two-revolution intervals during the maneuver.
The pitching moment results are presented with the mean
values (calculated over the corresponding two-revolution
range) removed. This was done to eliminate any skew-
ing of the mean pitching moment values resulting from
bad pressure taps near the trailing-edge, that were been
discovered in this dataset. (Ref. 3). Results shown for
the two-revolution intervals provide a good illustration
of the airloads variations during the maneuver as vehi-
cle motions and controls change as a function of time.
In general, the airloads evolve gradually from one rev-
olution to the next, but the sensitivity of the airloads,
particularly stall related events, may produce signi�cant
changes from one rev to the next and this is particu-
larly evident at certain times. The two-revolution results
also provides a limited means of assessing the rev-to-rev



variability of experimental measurements, especially for
the initial steady-state conditions, and thus helps provide
perspective for comparison of calculated and experimen-
tal results.

Results for revs 1{2, shown in Fig. 21 generally con-
�rm earlier results for the similar ight counter 8534,
marked by high speed compressibility on the advancing
blade and little evidence of retreating stall at the 1g ight
condition. The RCAS results with conventional aerody-
namics did not compare as well with data, in part because
of the simple uniform inow wake model used here. This
is especially apparent in the airloads near the blade tip.
The normal force magnitude and shapes of both normal
force and pitching moment curves are good for the R/O2
results.

Figure 22 shows the time-histories for revs 15{16
where the maximum load-factor occurs. Note that RCAS
results are not included here in order to make the R/O2
comparisons with data more legible. Three-dimensional
transonic e�ects on the advancing blade, giving high nor-
mal force are well captured. The corresponding negative
pitching moment peak, however, is not captured as well.
Two stall events on the retreating side are seen in the
pitching moment data at 86.5%R, however, only the �rst
stall is captured by the R/O2 calculations. Overall, the
normal force correlation is much better than the pitching
moment correlation.

At revs 19{20, just past peak normal load factor, pre-
diction of airloads faces signi�cant challenges in both ad-
vancing blade compressibility e�ects and retreating blade
stall | see Fig. 23. Again, RCAS results are not included
to maintain clarity. Triple stall events are particularly
evident in pitch moment data at 86.5%R, two retreating
blade spikes due to dynamic stall and one spike on ad-
vancing blade at low angle of attack but high Mach num-
ber. Note the twin retreating blade stall spikes are sim-
ilar to steady-state high-thrust ight counter 9017 stud-
ied by Potsdam et al. (Ref. 2). R/O2 results suggest that
the CFD model is good at capturing these events but the
magnitude and phase of these events needs further im-
provement via improved grid resolution and turbulence
modeling. The advancing blade stall spikes, in both nor-
mal force and pitching moment, are very well captured,
and portions of the retreating blade stall events for nor-
mal force are also captured. Some of the pitch moment
stall events are captured, but the twin retreating blade
stall events at 86.5%R are not captured as well.

The twin retreating blade stall events at 86.5%R are
also seen through revs 23{24 shown in Fig. 24. In this
case, surprisingly, the R/O2 results capture this event
very well. A similar stall peak at 92%R is also cap-
tured well. RCAS results are included here and they
are relatively good considering the severity of the oper-
ating conditions. Even some stall events are partially
captured, e.g., the retreating blade stall at 67.5%R is

evident as a sharp drop in normal force and a pitching
moment spike. These are both captured by both predic-
tions. A second pitching moment peak thereafter, how-
ever, is not captured by RCAS but captured by R/O2.
Overall, the RCAS results are not nearly as good as the
CFD results, again, because of the nature of the simple
lifting-line aerodynamic modeling.

Quasi-Steady Maneuver Analysis

The loose-coupling (LC) approach assumes that the ow-
�eld is periodic in rotor rotational frequency and calcu-
lates a steady-state solution. Although this is not strictly
valid in a time-varying non-periodic maneuver, it is nev-
ertheless important to explore the feasibility of modeling
the maneuver as a series of quasi-steady solutions. The
LC approach is very well validated and is certainly faster
than the tight-coupling (TC) approach. In this section,
we examine revolutions 15{17 of the maneuver, where
the highest normal load factor is observed, using a quasi-
steady approach.

These LC maneuver calculations were performed in
a manner similar to the steady-level trimmed ight cal-
culations, with the controls held �xed. The maneuver
inputs were averaged over one rotor revolution, and then
each revolution was set-up as an independent steady-
state problem with these average inputs; the accelera-
tion terms in the inputs were set to zero. Each solution
was run for two-rotor revolutions comprising of eight LC
force/deection exchanges between OVERFLOW-2 and
RCAS. The results from these runs were then compared
to the time-accurate maneuver calculation presented ear-
lier. Surprisingly, the LC approach was able to capture
most of the features present in the time-accurate calcula-
tions as shown in Figs. 25 and 34 for airloads and blade
loads.

Figure 25 shows the section airloads comparison for
the LC and TC calculations for three revolutions. In
this case, the data is not shown for clarity. Although
three revolutions were calculated as independent prob-
lems, they are plotted in sequence to compare with the
continuous time-varying TC results. The fact that these
three revolutions are solved as independent steady state
conditions can be seen by the discontinuities between rev-
olutions. The LC results closely resemble the TC runs,
and are also able to capture the pitching moment peaks
corresponding to stall events very well.

Grid E�ects on Airloads

Since the LC and TC solutions are in close agreements,
sensitivity studies may be performed quickly using the
LC approach for single revolutions. A grid sensitivity
was performed using this approach for the 17th revolution
using the �ne grid (Ref. 2) with 26.1 million grid points.
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Fig. 21. Section airloads comparison for the initial level ight part of the maneuver (revs 1{2)
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Fig. 22. Section airloads comparison for revs 15{16 of the maneuver
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Fig. 23. Section airloads comparison for revs 19{20 of the maneuver
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Fig. 24. Section airloads comparison for revs 23{24 of the maneuver
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Fig. 25. Section airloads comparison for LC and TC maneuver calculations



This revolution is of special interest because the high-
est normal load factor occurs here. Some discrepancies
in the predicted stall pitching moment peaks observed in
Figs. 22{24, may be related to CFD grid resolution. How-
ever, in previous calculations using with OVERFLOW-D
both the coarse and �ne grids were able to capture simi-
lar spikes for the ight counter 9017 (Ref. 2). The section
airloads are shown in Fig. 26 at four spanwise stations,
and compared with the coarse grid solution shown pre-
viously. Data is not shown for clarity, although both the
results are in good overall agreement with data. The �ne
grid results show slightly more high-frequency content.
However, overall the coarse grid results show most of
the dominant features seen in the �ne grid results. Stall
events occurred slightly earlier with the �ne grid than the
coarse grid, a result also previously observed in Ref. 2.

Rotor Blade Loads Results

Blade loads are di�cult to calculate accurately for de-
manding ight conditions such as the UTTAS pull-up
maneuver. Results for R/O2 and RCAS are compared
with the experimental measurements in two ways. First,
the per rev 1/2-PTP amplitudes of the calculated results
are compared with the measured data for the full ma-
neuver | 24 revs for the R/O2 and 40 revs for RCAS.
In addition, blade loads time histories for representative
two-rev segments of the full maneuver time history are
presented in order to compare the details of the wave-
forms.

Because of the complexity of blade pitching moments
in high speed and high thrust ight conditions, pushrod
loads are among the most di�cult rotor loads to calcu-
late accurately. Pushrod load calculations for RCAS and
R/O2 are shown in Fig. 27 and compared with measured
data. It is clear that RCAS alone, using conventional
aerodynamics is unable to provide a reasonable result for
either the high speed steady-state condition or during
the maneuver pull-up. Neither the 1/2-PTP amplitudes
nor the waveform shape compare well with the measure-
ments. In particular, the large oscillations in pushrod
load and torsion moment (see later) on the retreating
side of the disk are not reproduced by the calculations.
Results for the R/O2 calculations show signi�cant im-
provements in the predictions and essentially highlight
the need for such coupled CFD/CSD analyses. The 1/2-
PTP amplitudes are surprisingly well predicted, but the
waveforms also accurately reect the key features of the
measured data, in particular the oscillatory nature of the
pushrod loads on the retreating side of the disk. The
agreement is especially good for R/O2 during revs 23-24
where the the details of the oscillatory pushrod load is
accurately reproduced. In some respects, the di�erences
between the predicted and measured results are no larger
than the di�erences between the measured loads of the
individual blades.

Comparisons of calculated and and measured lead-lag
damper forces are included for completeness although
they cannot be considered a valid test of the accuracy
of the R/O2 coupled methodology. Lead-lag dampers
are highly nonlinear devices and modeling them is an
art in its own right. Use of a linear damper is a very
crude approximation. The nonlinear damper model used
for the present calculations is also quite simplistic but
it gives surprisingly good results, although it does cause
a signi�cant increase in computation time. In view of
the inuence of the lead-lad damper force on blade at-
wise and edgewise bending moments, especially near the
root of the blade, the nonlinear damper was used for the
present results. Results are presented in Fig. 28 and the
R/O2 results are better than the baseline RCAS results.

Rotor blade torsion moments are closely related to
blade pushrod loads. Torsion moment results for the
30% blade radius are presented in Fig. 29 for RCAS
and R/O2 Again, the comparisons are similar to the case
of the pushrod loads; RCAS seriously underpredicts the
1/2-PTP amplitude for the high load factor portions of
the pull-up and substantially fails to reproduce the de-
tails of the waveform. The R/O2 are signi�cantly better
although the 1/2-PTP amplitudes are somewhat over-
predicted. Similar to the pushrod load waveforms the
torsion waveforms capture signi�cant details of the mea-
sured waveforms, including the large torsional oscilla-
tions associated with blade stall at the higher normal
load factors. This is particularly evident for revs 15-16
and 23-24.

Results for rotor blade normal (atwise) bending mo-
ments at 50%R are presented in Fig. 30. The R/O2 1/2-
PTP amplitude results are reasonable throughout the
maneuver, while RCAS over-predicts the measured blade
loads. The R/O2 waveforms are better than the RCAS
result, especially the oscillatory loads on the advancing
blade.

Results for rotor blade edgewise bending moments at
11.3%R are presented in Fig 31. At this radial location,
the edgewise bending moments are largely determined
by the lead-lag damper force. Consequently, the results
are consistent with the previously discussed damper force
results throughout the maneuver; R/O2 1/2-PTP am-
plitude and waveforms are moderately better than the
RCAS results. Over revs 15{20, where the aircraft pulls
maximum load-factor, the R/O2 predictions are notice-
ably better than RCAS. This behavior may be related to
the vertical force underprediction by RCAS shown earlier
in Fig. 15

Results for rotor blade edgewise bending moments
at 50%R are presented in Fig. 32. Here both R/O2
and RCAS 1/2-PTP amplitude results are reasonable
throughout the maneuver. The time histories, however,
are not as well predicted as other blade loads.

Although experimental data is not available for
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Fig. 26. Section airloads comparison for �ne and coarse grids
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Fig. 27. Pushrod #1 load: 1/2 peak-to-peak and time histories
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Fig. 28. Lag damper #1 force: 1/2 peak-to-peak and time histories

comparison, the calculated results near the blade tip
(93.7%R) for elastic torsional deections are presented
in Fig. 33 to indicate the order of magnitude of aeroelas-
tic deformations that occur in this high speed, high load-
factor maneuver. In steady state level ight the 1/2-PTP
tip torsion deections are about 2 deg. and these increase
to over 6 deg. during the pull-up. It may be noted that
the waveforms are very similar to the torsion moments
at 30%R. Corresponding results for RCAS show consid-
erably smaller elastic deections due to lower blade aero-
dynamic pitch moments on the advancing blade in both
the high-speed level ight and the pull-up portions of the
maneuver.

As with the airloads, the structural loads obtained
using the LC approach are in good overall agreement with
the TC results. An example of this is shown in Figure 34
for the pushrod loads during revs 15{17. The LC results
compare equally well with the data as the TC results.
This is certainly expected as the airloads prediction using
LC was very similar to that using TC as shown previously
in Fig. 25. The structural loads prediction using the �ne
grid, e.g., torsion moment at 30%R shown in Fig. 35, also
shows little di�erences with the coarse grid results.
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Fig. 29. Torsion moment at 30%R: 1/2 peak-to-peak and time histories
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Fig. 30. Normal (atwise) bending moment at 50%R: 1/2 peak-to-peak and time histories
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Fig. 31. Edgewise bending moment at 11%R: 1/2 peak-to-peak and time histories
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Fig. 32. Edgewise bending moment at 50%R: 1/2 peak-to-peak and time histories
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Fig. 33. Blade elastic torsion at 93.7%R (just before swept tip)
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Pushrod Modeling Sensitivity

Several options for the pushrod and pitch damping mod-
eling were examined while the UH-60A RCAS model was
being developed. A sti� pushrod with a linear sti�ness
of 187792 lbs/ft was used for most of the calculations,

while a soft pushrod with a 62631 lbs/ft sti�ness was
used to examine the sensitivity of load predictions. The
smaller pushrod sti�ness value was originally accepted
as the most reliable value for the UH-60A, but it was
only inferred from test and analysis correlations. Uncer-
tainty about it's validity led to direct experimental mea-
surements on the aircraft control system that yielded the
larger sti�ness value; this has since become generally ac-
cepted as the more accurate value. The pitch damper
modeling is also uncertain, two parameters are involved,
the pitch bearing damping (20 and 100 ft-lb/rad/sec) and
the pushrod linear damping (240 and 0 lb/ft/sec). Typ-
ically two combinations of values are used, the 20/240
combination that is the present baseline and the alterna-
tive 100/0 combination. The pitch bearing damping of
20 is generally accepted as most accurate; the pushrod
damping is generally ignored but Ref. 11 proposed a value
of 240 as more reasonable based on analysis of struc-
tural loads derived from measured airloads. The e�ects
of pitch damping are examined for the LC maneuver re-
sponse of rev 17 in Fig. 36 for the baseline sti� pushrod.
Here the 20/240 pitch damping combination is superior
and this simply reects the fact that the inuence of the
pitch bearing damper produces a 1/rev component of
pushrod load proportional to 1/rev cyclic pitch angle ro-
tation. Reduction of pitch bearing damping from 100 to
20 reduces the half peak-to-peak pushrod load by nearly
500 lbs with little e�ect on the dynamic response of the
pushrod load waveform.

The sensitivity e�ect of pushrod sti�ness is more com-
plex because it inuences torsion dynamics, primarily
through the �rst torsion mode frequency: �4.5/rev vs
�4.0/rev for the sti� and soft pushrods. The e�ects of
pushrod sti�ness on the pushrod load are examined in
Fig. 37 for the TC maneuver revs 17{20. The pitch
damping combination is (100/0). The sti� and soft
pushrod loads show moderate di�erences, presumably re-
ecting di�erences in dynamics and aeroelastic response.
The soft pushrod is marginally closer to the ight test
measurement, but this is misleading since, had the more
accurate pitch bearing damping of 20 rather than 100
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Fig. 36. E�ect of pitch-bearing and pushrod damping

on pushrod loads

been used, the sti� pushrod would have shown closer
agreement with test data.
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Conclusions

The CFD/CSD tight coupling procedure has been ap-
plied to the long-standing and challenging problem of
predicting rotor airloads and structural loads in ma-
neuvering ight conditions. Using the RCAS and
OVERFLOW-2 codes, the procedure has been shown to
work e�ectively and the computational results give over-
all very good correlation with ight test data for both
airloads and blade structural loads including demanding
high load factor conditions.

1. Overall the RCAS/OVERFLOW-2 results yielded
substantially better comparisons with ight test
data than for conventional aerodynamics methods
used in RCAS. A part of the di�erence may be at-
tributed to the use of simple uniform inow wake
model for RCAS.

2. R/O2 normal force and pitch moment airloads are
generally very well predicted in comparison with
ight test data, both in 1g ight and at high load
factors. The normal force airloads are particularly
good, capturing multiple blade stall events on the re-
treating and advancing blade. The pitching moment
airloads are in very good agreement in the 1g level
ight portion of the maneuver, similar to previous
results obtained by other investigators for the C8534
test point. At high load factor, the three pitch mo-
ment stall events are partially captured, but overall
the comparison with test data is less than desired.

3. Quasi-steady results for single revolutions using the
associated average maneuver controls and motions
for that revolution gave results very close to the full
transient maneuver results since the maneuver time
scale is slow relative to the time scales of rotor ro-
tation and blade modal frequencies. This �nding is
of considerable practical signi�cance for CFD/CSD
analyses, since this requires only a loose-coupling
periodic solution thereby reducing the CPU time re-
quirements to a fraction of that for the full maneu-
ver.

4. R/O2 solution accuracy for the important pushrod
control loads and blade torsion moments is very
good, both in 1g ight and at high load factors. In
comparison to ight test data, the 1/2 peak-to-peak
and oscillatory waveforms are generally good to ex-
cellent. Historically these loads have been most di�-
cult to predict in high speed and maneuvering ight
conditions. The torsion and pushrod load oscilla-
tory behavior on the retreating side of the disk at
the high load factors exhibits stall utter oscillations
very similar to that observed in the measured data.

5. R/O2 results for the atwise and chordwise bending
moments are generally very good, the latter bene-
�ting substantially from the inclusion of a nonlin-
ear lead-lag damper representation in the structural
model.

6. Blade apping motion is generally good at the start
and at the end of the maneuver, but unexplained
behavior occurs near the peak normal load factor
portion of the maneuver. Flapping magnitude and
phase are not well predicted and the R/O2 and
RCAS results di�er from each other at this point.

7. Overall thrust balance at the peak maneuver load
factor of 2.1g was determined to be generally con-
sistent with the R/O2 rotor thrust predictions when
the contribution of the fuselage and horizontal tail,
based on empirical aerodynamics modeling, was in-
cluded. RCAS rotor peak thrust predictions were
roughly 3000 lbs lower than the R/O2 results.
The reasons for this de�ciency is unknown. The
Leishman-Beddoes empirical dynamic stall airloads



method produces a slight reduction in peak thrust
compared to linear Theodorsen unsteady aerody-
namics.

8. The R/O2 rotor thrust predictions were gener-
ally consistent with the derived rotor thrust de-
duced from integrated measured airloads when an al-
lowance was made for the presumed over-estimation
of the measured airloads by approximately 7%.

9. The peak rotor thrust during the maneuver substan-
tially exceeded the McHugh rotor thrust limit for un-
accelerated ight. It was deduced that an increase
in maximum rotor thrust capability in maneuvering
ight results from the pitch-rate-induced gyroscopic
roll moment that reduces the retreating blade lift re-
quired to maintain roll moment balance relative to
that required in unaccelerated ight conditions.
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