UH-60A Rotor and Coupled Rotor-Fuselage Simulation
Framework Validation and Analysis

Willem Rex *

Tobias Pflumm *

Manfred Hajek *

Institute of Helicopter Technology
Technical University of Munich, 80333 Munich, Germany

In helicopter engineering advanced simulation means are available today which allow to run analysis
and optimization tasks using modern computational capabilities [1-7]. In this context it is important
to demonstrate the validity of the simulation model and the simulation approach by comparison with
experimental data. This work establishes a validated reference model similar to the UH-60A for re-
search activities on rotor blade design and analysis of rotor-fuselage coupling mechanisms. The focus
is on structural representation. Literature is reviewed for data to define and validate the model. Main
rotor performance and structural characteristics are in good agreement with the experimental data.
Two independently established modal fuselage representations are mutually consistent and agree with
literature at lower but not at higher frequencies. Coupled rotor-fuselage simulations show reason-
able results compared to test data. However, the approach does not represent experimental mean half

peak-to-peak hub accelerations exactly.

Nomenclature
AEFA Aviation Engineering Flight Activity
API application programming interface
COG center of gravity
DOF degree(s) of freedom
DAMVIBS Design Analysis Methods for Vibrations
HOGE hover out of ground
LRTA large rotor test apparatus
MAC modal assurance criterion
MSF modal scale factor
MTRA Modern Technology Rotor Airloads (Program)
NFAC National Full-Scale Aerodynamic Complex
P/DB plot database
RBM rigid body mode(s)
RMS root mean square
RSIS Rotorcraft Systems Integration Simulator
RSRA Rotor System Research Aircraft
TPP tip path plane
UTTAS Utility Tactical Transport Aircraft System
g [m 5’2] acceleration of gravity
iy modal mass of mode k
Ny number of rotor blades
Q[rads™!] rotor angular velocity
XV, 2 cartesian coordinates
() mean
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Introduction

Increasingly, simulation plays an important role in modern
rotorcraft design to further improve aircraft performance,
efficiency, envelope and vibrations. Advanced simulation
means that cover the high structural non-linearities and the
complex aerodynamic as well as aeroelastic characteristics
are available today and the understanding of related effects
has greatly developed [8]. In conjunction with advanced
computational resources this allows to use simulation tools
for prediction and optimization. However, it is inevitable
to validate simulation models against experimental data to
ensure its correctness and to understand its shortcomings.

The aim of this work is to establish a validated heli-
copter model similar to the UH-60A [9,|10] with focus on
the structure which is meant to serve as a reference at the
Institute of Helicopter Technology for different types of
scientific investigations. It is intended to use the model for
the analysis of structural loads, vibrations and instabilities,
ground and air resonance as well as for design and opti-
mization of rotor blades, other structural components and
morphing structures.

The UH-60A is a twin engine single main rotor util-
ity helicopter with a maximum takeoff weight of approxi-
mately 10.5 tons, which was first flown in 1974 and devel-
oped in context of the UTTAS program [9}/10]. The UH-
60A is chosen as reference due to the extensive amount of
available data and due to numerous former research activi-
ties which are based on the UH-60A. This helicopter serves
still today as an important reference for validation [[114{12]].
However, available data is often both required to be com-
piled to match the software input and distributed among
several reports and publications. In this work literature is



reviewed with focus on data to setup a UH-60A coupled
rotor-fuselage environment and data for its validation. The
established validated models are described in detail and all
information about the geometry, the structural properties as
well as the aerodynamic properties are given herein.

In the context of the U.S. Army Aviation Engineering
Flight Activity (AEFA) several flight tests have been con-
ducted with different versions of the UH-60A. From 1979
to 1980 two UH-60A of the first year production generation
have been flight tested to determine performance, vibra-
tions and handling qualities [[13]]. To update the test results
two UH-60A, one of first and one of six year production
generation have been flight tested from 1983 to 1984 [[14].
To obtain additional data and to support the Modern Tech-
nology Rotors Airloads (MRTA) program a six year pro-
duction generation aircraft has been flight tested in 1987
[15]. In 1988 again a UH-60A of 12th year production gen-
eration was flight tested to update the flight test database
[16]. Data observed from the AEFA program was used to
establish and validate a flight physics model [17-419] for
implementation on the Rotorcraft Systems Integration Sim-
ulator (RSIS) [20].

In the context of the MTRA program or short Airloads
Program [21] full scale flight tests have been conducted
from 1993 to 1994 [22-24]. The modal characteristics
of the experimental MTRA configuration baseline rotor
blades and as well as the instrumented blades were exper-
imentally quantified [25]]. One principle objective of the
Airloads Program was the characterization of rotor fuse-
lage coupling phenomena [26]. Note that a consistent mis-
take in the MTRA data was discovered for results that are
published before 2005 and which are related to rotor az-
imuth position [27]. Trim target values used in this work
like roll and pitch shaft moments are affected which have
been measured in the rotating domain [23,27]]. Correspond-
ingly, affected data is corrected in this work by rotating the
properties noted in the shaft frame S (see figure 2) using
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The Rotor System Research Aircraft (RSRA) which
was equipped with three different rotor systems based on
the UH-60A rotor served as an experimental aircraft to gain
insights into rotor mechanics and to conclude design guide-
lines and to identify design drivers of modern helicopter ro-
tors [28]]. Where data is not explicitly available for the UH-
60A, original UH-60A components included in the RSRA
aircraft are used in this work as reference [28]].

To support flight tests, full-scale wind tunnel experi-
ments with a UH-60A rotor have been conducted in the Na-
tional Full-Scale Aerodynamic Complex (NFAC) 120x80ft
and 80x40ft wind tunnels [29-31]]. In both wind tunnels
the original UH-60A fuselage was removed and the rotor
was mounted on top of the Large Rotor Test Apparatus
(LRTA) [32].

In the past, experiments have been conducted to iden-
tify the elastic fuselage characteristics of the UH-60A. In
the context of the DAMVIBS program Sikorsky conducted
UH-60A fuselage shake tests [33,34]. An empty baseline
production UH-60A fuselage without significant modifica-
tions with fixed absorbers was used and 50% of the rotor
blade mass was considered. Subsequently, masses for the
pilot, copilot, equipment, fuel and flight test instrumen-
tation was added to the configuration to mimic the flight
tested AEFA configuration and the shake tests have been
repeated [34]. Both configurations were in addition mod-
eled using finite element methods [[33-35]]. A third configu-
ration with different modal characteristics is the helicopter
flown during the MTRA program [26]]. A finite element
representation of the MTRA configuration was established
based on the NASA/AEFA model [26]. A third correspond-
ing ground shake test study with a MTRA configuration
was originally scheduled at NASA Ames for 1995 [26],
however no related published test data is found for the
analysis. Before the DAMVIBS Program, which started in
1984, at least the UH-60A main rotor head has been shake
tested [36,/37]]. Herein, the model is referred to as HUBN-
ODE configuration. However, references of the tests can
not be traced back in the reviewed literature, hence the test
setup is not evident.

Since the fuselage is important to be considered in
optimization and analysis of vibrations and instabilities
[[8438H43]] and since the hub fixed simulation of a helicopter
rotor does not resolve vibrations appropriately [44-46] the
rotor model is supplemented with a fuselage representation
which can be tightly coupled with the rotor. The rigid mo-
tion of the fuselage is discussed as well since its motion
has a significant effect on vibrations [47,/48]]. However,
even with advanced simulation means the prediction of vi-
brations prior to the first flight is still difficult today [8].
In coupled rotor fuselage analysis the level of vibrations
is significantly affected by the modal representation of the
fuselage [40] which in turn are highly affected by the load
and balance of the fuselage [|17,26]. In addition, finite ele-
ment modeling of a helicopter fuselage does often not agree
reasonably with test data [26L[33135]]. In regard to this it is
intended to establish a reasonable fuselage representation
based directly on experimental data rather than to replicate
reference characteristics exactly.

After the models of the rotor and the fuselage are estab-
lished they are coupled and the calculated hub accelerations
are compared to reference data. Possible shortcomings in
the modeling approach and suitable countermeasures are
discussed based on the discrepancies found during the val-
idation. However, no fundamental analysis on the exact
coupling mechanisms will be presented in this context.

Methodology

The helicopter rotor model is simulated using Dymore [49],
a software for the simulation of multibody systems which



features one and two dimensional finite element represen-
tations, helicopter specific aerodynamic models and incor-
porates means for parallelization [50]]. In the past Dymore
was used in the context of wind turbine simulation [51-53],
structural analysis of tilt-rotors and active flaps [54-57]] as
well as helicopter structural optimization, morphing and
adaptive structures [[1H7,58L/59]. Coupled UH-60A rotor-
fuselage investigations have been conducted with Dymore
[46./60] and UH-60A pitch link loads have been validated
against Airloads Program data using Dymore as well [61].
For improved UH-60A rotor loads predictions previous
studies used both coupled Dymore-Free-Wake and coupled
Dymore-CFD approaches [62-74].

Multiple ways exist to realize coupled rotor fuselage
analysis. An approach was used in the past which is re-
ferred to as impedance matching [36}40,[75]. To cor-
rect hub fixed simulation for the actual motion of the hub,
impedance matrices for the rotor and the fuselage are used
[395/76,(77]. In this work impedance matching is not used
because the calculation of the required matrix is cumber-
some for the nonlinear rotor representation used herein and
the matrix depends on advancing ratio [[39]]. Another way
is the formulation of rotor and fuselage equations in one set
of equations [78,|79]. If parts of the model are represented
by generalized coordinates this is called mode synthesis.
Among other approaches, mode synthesis has been previ-
ously realized for rotor fuselage coupling using Hertings
method [12]46].

In this work the coupled analysis of both models is
achieved by an exchange of forces and displacements in
each time step which is realized by iterating the equations
E] and E} First, starting from a time step i, the main rotor
shaft forces are calculated at the connection node of the
rotor and the fuselage for a time step i + 1 using Dymore,
see equation 2] Second, the fuselage response is calculated
according to equation [3| using a fourth order Runge-Kutta
time integration scheme. The displacements are then pre-
scribed in the next time step of the rotor simulation and
again corresponding forces are calculated [42,80].

Fi+1,mr = fi’otor (Xi,mr) (2)
Xit+1,mr = ﬁuselage (Fi+1,mr) 3

The solution is iterated over 20 rotor revolutions to ob-
serve a periodic state. Then, in periodic conditions 20
main rotor revolutions are calculated. For comparison a
hub fixed coupling approach is realized as well by keeping
all displacements X; i, at zero during the calculation of the
rotor response. The interface to couple Dymore with the
external fuselage model is realized using a wrapper for Dy-
more as illustrated in figure[I} The Dymore source code is
compiled into a library, which requires still the same input
model definition files as the standalone Dymore version.
However no output files are generated during the execution,
instead all required data is passed to the Python interface.

The interface is established using an API which is pro-
vided by the Dymore library. The API contains all required
functions for data exchange and for control of the simu-
lation process. The API is wrapped to congruent Python
functions which can be called from a Python environment.
A similar approach in realized in RCOTOOLS for CAM-
RAD II and was used in the past for CFD coupling with
Dymore [67]]. Others compiled the external code into the
Dymore source code [64]]. However, the most often used
approach is to use file input/output [[66,/69.(72]. The advan-
tage of the approach used herein is that time consuming file
input/output operations are avoided. In addition, the model
representation in memory is only established once at the
beginning of the job and not each time the standalone ex-
ecutable is called. Access to the data objects in memory
gives more flexibility for optimization and even morphing
structures can be realized, since properties can be changed
during runtime in each iteration step.
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Fig. 1: Interface & simulation framework for coupled
rotor fuselage analysis and structural optimization.

Rotor Model

The multibody representation of the rotor in the reference
configuration is shown in figure 2] This configuration
agrees with the P/DB reference orientation [27]. A sim-
ilar model has already been established in Dymore previ-
ously [[49]]. For clarity reasons, only one of four assemblies
(Np = 4) equally distributed in azimuthal direction is de-
picted in figure 2] consisting of the rotor blade, rotor blade
attachment, pitch link, lag damper and bifilar absorber. Ac-
cordingly, only one quarter is depicted of the swash plate
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Fig. 2: Multibody representation of the UH-60A main rotor system. Only one of four blades and one of two scissors
depicted. Coordinate systems and geometry are defined in figure [§ and table 4}

and the rotor head. The quarter assemblies have identical
properties, including the blades. The attachment includes
the blade retention, the rotor head, the elastomeric bearing
as well as the damper horn and the pitch horn. To repli-
cate the geometry and the properties of the quarter assem-
bly the intermediate frames R;,i = [1,2,3,4] are introduced,
see figure [§] The frame R; is depicted in figure [2] In ad-
dition only one of two scissors is depicted. The second
scissor is shifted 180° in azimuthal direction. The interme-

diate frame R3 is used to replicate the scissors’ geometry.
Another intermediate frame F is given to align the fuse-
lage, which is tilted about the shaft angle y. Hence, the
rotor shaft is aligned with the z; axis in which direction the
gravitational field is acting.

The geometry is defined by the coordinates of all points
and angles indicated in figure [2] following a simple logic.
All points are measured in its individual local body-frame
coordinates, since they are typically given as such in liter-



ature rather than measured in inertial coordinates. The def-
inition of each body-frame is likewise given using its unit
vectors &; and €3 measured in its individual parent system.
Note that the point A is always located at the origin of the
corresponding local frame and that the frame is defined by
a right-handed orthonormal base, thus it holds €; = €; X €3.
The reference coordinate system of all points and unit vec-
tors is indicated by a subscript in figure 2} Figure [§] indi-
cates the relationships of all coordinate systems and loca-
tions of all points which are indicated in figure[2] In addi-
tion, all geometric constants used in figure [§] are listed in
the table [ together with all relevant references where the
data is found.

At four points the model is attached to the fuselage via
revolute joints namely the rotor shaft and the three servos.
The servos can be actuated in local x-direction and feature
an elasticity, represented by a one dimensional linear spring
element. The servos are connected to the non-rotating part
of the swash plate via spherical joints to establish isostatic
conditions. The rotor shaft is represented by eight finite
beam elements with linear shape functions. Four elements
are equally distributed between Ag and Bg and four are
equally distribute respectively between By and Cs. At its
top, the shaft is attached to the main rotor hub. The main
rotor hub is a rigid body and features a coning angle By and
a structural pre-lag angle {y which are both graphically il-
lustrated in ref. [81]] and considered to establish the correct
flap and lag angle for zero strain in the reference configu-
ration of the elastomeric bearing, which is located at point
By [82].

The flap, lead-lag and feathering hinge are assumed to
be located in one identical point [[36]]. The elastomeric
bearing establishes the flap, lead-lag and feathering mo-
tion and connects the blade retention to the rotor hub. The
blade retention is modeled as a rigid body and provides it-
self connections for the pitch link, lag damper and the rotor
blade. The rotor blade is represented by 14 finite beam
elements of linear shape functions which are equally dis-
tributed. The blade is rigidly attached to the rotor retention.
The beginning of the blade is at 0.1R [83]]. The lag damper
features a one dimensional nonlinear damper characteris-
tic and is connected to the damper horn using a spherical
joint and to the rigid rotor head via a universal joint. The
connection at D4 is assumed to be in the precone plane
(x4-ya-plane). Calculations show that this assumption is
correct with le=>m accuracy. However, it simplifies the
geometrical definition noticably. The pitch link features a
one dimensional linear spring. One half of its mass is lo-
cated at point Ay, the other half is located at B;. The lower
point of the pitch link is connected to the pitch horn using
a universal joint and to the rotating part of the swash plate
via a spherical joint. The rotation of the swash plate is es-
tablished by a revolute joint. All other components of the
swash plate are rigid bodies. The mass of the swash plate
is located at point Ay . The inertia of the swash plate about
the y - and xy-axis are considered as well. The two scis-
sor pickups at the swash plate are connected to a spring.

The purpose of this spring is to establish an additional de-
gree of freedom and an equivalent dedicated stiffness, since
the scissors can otherwise cause unrealistic displacements
of the shaft. In this work the stiffness of this spring equals
zero. The rotating part of the swash plate is connected to
the scissor via a spherical joint. The scissor itself consists
of rigid bodies connected by two revolute joints. The point
Bc is rigidly connected to the rotor shaft.

The bifilar absorber is mounted on top of the rotor as-
sembly, rigidly connected to the upper node of the rotor
shaft and azimuthally rotated with 45° with regard to the
rotor blade orientation. Only the inplane characteristics are
considered, since the original absorber is tuned to suppress
rotational 3/rev inplane vibrations. The absorber features
two holes of circular shape, each supporting one pin with
rolling contact [84}/85]]. Likewise, a tuning mass compo-
nent which features two holes as well is also in rolling con-
tact with the two pins. A general approach to model the
dynamical characteristics of the bifilar absorber has been
derived for an arbitrary shape of the holes earlier based on
curve sliding joints [85]]. Another approach to include the
bifilar absorber dynamics into simulation is based on a rep-
resentative one dimensional centrifugal pendulum formu-
lation [36]]. In this work an alternative approach is used
based on revolute joints. The absorber degrees of freedom
are indicated in figure 2] All angles are measured in the
xg-yg-plane. The two rolling pins of the original absorber
are represented by only one rolling pin and additional con-
straints. The kinematics of the absorber are represented by
four revolute joints. The inner joint is located at the center
of the inner hole Bg and described by ¢;. The outer joint is
located at the center of the outer hole Df and described by
0. The pin is located at Cr and its rotation is described by
¢p. The tuning mass is located at Eg. In case of unequal
radii of the inner and outer hole it is necessary to estab-
lish a revolute joint at Cg described by . However, ¥ is
constrained such that the vector B — Ag is always parallel
to Eg — Dg by applying the constraint ¢y, see equation
Mind that  is noted in negative direction according to fig-
ure [2] The original absorber fulfills this constraint since it
features two pins which prevent a rotation of the outer tun-
ing mass with respect to the absorber retention arm. The
constraint in equation [5] establishes the rolling contact of
the pin in the inner hole. The constraint in equation [6|real-
izes the correct rolling contact of the outer hole.

cr=0i+0,—% 4)
c2=0i Ri+0,-Rp &)
€3 =0i- (Ri_Rp) + o - (Ro _Rp) (6)

The geometry of the bifilar absorber is not available in
detail from reviewed literature. Thus the monofilar ab-
sorber geometry is used as reference to establish a repre-
sentation of the bifliar absorber [86]. However, the reten-
tion arm length of the monofilar absorber is in reasonable
agreement with the simple pendulum representation of the
bifilar absorber [36]. The outer hole radius is modified



to tune the absorber frequency towards 3/rev. Note that
the outer hole radius is subsequently very close to the in-
ner hole radius. Hence a reasonable approximation is to
remove the degree of freedom 7y and to set both radii to
Ri = R, = 0.05m. The mass properties of the absorber
are based on the monofilar absorber as well [86]. Again
the tuning mass is in reasonable agreement with the bifi-
lar mass given in ref. [84]. The pin mass properties are
taken into account twice because the two pins are only rep-
resented by one.

After the assembly of all bodies an angle of ®,; ~ 3°
would be required to establish geometric integrity. Hence,
to establish vertically aligned pitch links in the reference
configuration [87]], the swash plate geometry is slightly
modified, since the exact orientation of the pitch links
might be important in future when pitch link loads are in-
vestigated. Accordingly, the angle ¢ is slightly reduced to
yield @, = 0°. The angle ¢y = 90° is still realized thus
the booster position changes slightly in clockwise direc-
tion, the forward link is now at ¥ = 121.217° instead of
123.933°, to maintain the same control characteristics.

It is assumed that the one dimensional beam represen-
tation of the rotor blades is sufficient, in agreement with
ref. [88]]. The rotor blade properties can be found following
the references in table[5] Structural damping, except for the
lag dampers, is neglected in the model. The aerodynamic
forces are calculated using 2-D airfoil polars for lift, drag
and pitching moment. The polars are observed from liter-
ature [17] for both airfoils SC1095 and SC1094R8. The
radial twist, chord and airfoil distribution is observed from
literature as well and listed in table 8l The inflow veloc-
ity is modeled by the Peters-He model (12 modes) which
is already integrated into Dymore [89]. A representation of
the elastic non-rotating control linkage used herein was cal-
culated previously for static displacement using individual
servo stiffnesses [[87]]. In this calculation and for the model
herein a rigid swash plate is assumed, although consider-
able swash plate elasticity seems to be involved [87]]. The
stiffness for one standalone servo, see ref. [28] is in agree-
ment with the calculated individual stiffnesses, because the
control linkage features more flexibility compared to an
isolated servo, see table[5} The approach used herein cap-
tures unevenly distributed supporting of the static swash
plate and the elasticity of the different connections [87]].

Rotor Validation

The rotor blade structural non-rotating characteristics are
validated using modal data [25]]. The eigenvectors from the
reference [25]] are linearly interpolated at the quarter-chord
using the trailing and leading edge deformation. The eigen-
values of all four baseline blades tested without instrumen-
tation are averaged [25]. According to the experimental
setup the shaker and the suspension of the blade is modeled
by using the properties from literature [25[]. Only for this
analysis, the number of finite beam elements is increased
from 14 to 40. The results are illustrated in figure [3] and

in figure 0] The frequencies are in good agreement with
the reference, see figure 3] The mode shapes reasonably
match the experimental data as well, see figure [0] How-
ever, the higher flap modes differ slightly compared to the
experimental data.
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Fig. 3: Comparison of natural UH-60A baseline rotor
blade frequencies in the shake test configuration [25].

In the rotating domain the rotor blade structural proper-
ties are validated against reference simulations, which have
been calculated with RCAS, CAMRAD II and Dymore pre-
viously for two different pitch link stiffnesses [90,91]. For
the fan plot analysis herein the shaft elasticity, the servo
elasticities and the lag dampers are removed from the ro-
tor assembly and only one blade is considered. In accor-
dance to [90]] the pitch link stiffness is kept in one case
as nominal, see table[5] and approximately as one third of
the nominal stiffness in the other case. The calculated fre-
quencies for both pitch link stiffnesses are in very good
agreement with the reference calculated with RCAS [90],
see figure [d Moreover, CAMRAD II calculations are like-
wise in very good agreement with the RCAS simulation and
the calculations of the present work in turn, see ref. [90].
Furthermore, the calculated fan plot results are generally
in agreement with another reference calculated with Dy-
more [91]], according to figure 4] The calculated result for
the reduced pitch link stiffness agrees with reference 2 in
trend and magnitude, however, at higher rotational speed
the results are slightly overestimated compared to the ref-
erence 2 especially for the torsional mode, see figure [4(a)l
At nominal pitch link stiffness the third flap mode at low
rotor rotational speed is overestimated, according to figure
M) The other modes are in agreement with reference 2
except for a characteristic which holds for the soft pitch
link stiffness as well, namely that the torsional mode fre-
quency is overestimated at rotor speeds higher than the fre-
quency where the second lead-lag mode and the torsional
mode are very close. Particularly with regard to reference
1 [90] the effect of pitch link stiffness is assumed to be cap-



tured correctly and the rotor blade properties are assumed
to be reasonably represented as well.

For the validation of the aerodynamics in hover, the full
scale test campaign in the 80 x 120 ft wind tunnel at NASA
Ames is selected as reference [29]. Due to power limita-
tions, hover data is only available up to %T = 0.07 [30].
For the hover test, out of groud conditions (HOGE) are as-
sumed, which is in agreement with the measurements [30].
A correction for flight test data was introduced previously
to compare free flight data with the wind tunnel hover test
results [30]]. In this work, the approach is used to expand
the validation range by comparison with free flight test data
up to a blade loading of %T =0.11. According to literature
[30], the main rotor shaft power is calculated from the en-
gine power observed from flight test data [[13],16,22]. Dur-
ing the flight tests the main rotor thrust was estimated from
the gross weight corrected by the consumed fuel mass [22].
Hence, the rotor thrust estimation in free flight is corrected
for fuselage download since the simulation is conducted
without fuselage blocking effects [30]. From the wind tun-
nel test campaign, the reference setup with a shaft tilt an-
gle of ys = 0° is taken into account and a collective sweep
from %T ~ 0.02 to 0.11 is simulated. In agreement with
the test, the bifilar absorbers are not installed in the simu-
lations [29]). Figure[5|shows a good agreement between the
simulation and the reference data, however, the wind tunnel
power is marginally underestimated.

In forward flight the model is first of all validated based
on wind tunnel data from the NASA Ames 80 x 120ft wind
tunnel as well [30]. However, only data up to 80knots cor-
responding to an advancing ratio of u = 0.19 is available.
The considered wind tunnel tests were conducted using a
trim towards zero flap motion, which is correspondingly
realized in the simulation. The trim controller is already
included in Dymore which uses the inverse Jacobian matrix
of model inputs and trim targets for control settings predic-
tion. Additionally, gains can be selected for each control
signal. Only a shaft angle of ys = 0° is considered in the
simulation. Figure [ shows a good agreement between the
wind tunnel data and the simulation at a blade loading of
%T = 0.06. At higher blade loading the power is signifi-
cantly overestimated, especially above an advancing ratio
of u=0.1. According to figure the trim targets are
well met, since they are within the accuracy of £0.4° which
was observed during the test campaign [30]. The flap mo-
tion is determined from the blade tip motion. To understand
the power discrepancy, figure [6] contains the results which
have been calculated with CHARM previously [92]. Obvi-
ously, this reference exhibits a similar trend. It was demon-
strated that taking the wind tunnel walls and the LRTA
fuselage into account, the free wake analysis is in agree-
ment with the wind tunnel measurements [92]. Accord-
ingly, the discrepancy was explained by the fact that the
rotor aerodynamics are affected by the wind tunnel walls
and the fuselage. The explanation is assumed to be valid
for the simulation results herein as well, since wind tunnel
and fuselage effects are not modeled. Although, still a dis-

crepancy exists between the uncorrected free wake analysis
with CHARM and the simulation, see ﬁgure@

Oshafc = OF +YF N
Yr = —3° ®)

Again, to expand the validation range in edgewise flight,
free flight test data is used [22]]. The trim targets in hori-
zontal flight are observed from literature for the Airloads
Program flight test with counter 85 [93|]. The counter 85
corresponds to a level flight speed sweep with %T ~ (0.08.
The air density during the flight test is assumed to be
p= 1.13kgm’3 [22]. In [22] it is indicated that the air-
loads flight tests are in agreement with earlier flight test,
like 1st year [13], sixth year [[14], and 12th year [16]] pro-
duction aircraft tests during the AEFA project. Using the
corresponding shaft angles, the wind tunnel test data was
previously demonstrated to be in good agreement with the
flight test data of counter 85 for a minimum advancing ra-
tio of u = 0.09 and for a blade loading of %T = (.08 and

%T = 0.09 [30]. To establish trim conditions in the sim-
ulation setup that allow to mimic the rotor in free flight,
the shaft angle opate according to equation [7]is prescribed
in this work for each data point individually. The slope of
the shaft tilt angle is depicted in figure Additionally
the rotor is trimmed towards the shaft bending moments
given in ref. [93]] and the thrust given in ref. [22]. The ro-
tor power is in agreement with the Airloads Program data
according to figure[6] However, at high speed the power is
underestimated. The aerodynamic conditions at high speed
are not well captured by the steady airfoil aerodynamics
used herein. It is emphasized that below an advancing ra-
tio of u = 0.19 the rotor power at Cr/c = 0.09 is not in
agreement with the wind tunnel data as discussed earlier.
However, at this speed and at a comparable thrust level the
simulation is in good agreement with the flight test data.
This supports the presumption that wind tunnel and LRTA
surfaces are causing the mentioned discrepancy in compar-
ison with wind tunnel data.

The simulated propulsive force which is related to the
parasitic drag is in agreement with the Airloads Program
reference and a theoretical model introduced in ref. [93]
according to figure The Airloads Program propul-
sive force F; is calculated according to equation [9 with the
assumption that the thrust is orthogonal to the TPP. The
equation[m] is taken from ref. [93]].

F.=-T- sin (aTPP,y) (9)
OTppy = Qshaft — Blc (10)

During the simulation the trim settings are properly met
as indicated in the figures[T0(b)|and [TI(a)] To increase the
robustness of the simulation at highest speed (u = 0.368),
the airfoil tables are modified and the angle of attack of
Cl.max 18 increased about 4° using linear extrapolation, to
provide a strictly monotone lift curve slope at high angles
of attack. Otherwise, the solution diverges in unsteady
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Fig. 4: Comparison of calculated UH-60A baseline rotor blade frequencies in the rotating domain and Reference

1 [90]], Reference 2 [91]].
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Fig. 5: UH-60A hover performance calculated in wind
tunnel configuration in out of ground effect conditions
and compared to literature [22,30].

flight conditions like horizontal speed up, once ¢y uqax is
passed, which is identified to result from the control charac-

teristic inversion. In the steady flight conditions discussed
in this work, the rotor is not operated in the modified lift
range. In figure the coning and lead-lag motion is
depicted in comparison with the flight test data. The simu-
lated blade motion is evaluated at the corresponding hinge.
The lead-lag motion is in good agreement with the test data,
according to figure The coning shows a significant
offset. This characteristic was previously observed using
CAMRAD II simulations and it was shown that the simu-
lation results are in agreement with the theoretical coning
angle [93]]. This holds for the simulation herein as well.

The lateral flap motion is slightly overestimated above
p~0.23 and the longitudinal flap motion is overestimated
up to u ~ 0.3 and afterwards underestimated, see figure
[[I(H] In general, the flap motion represents the experi-
mental trends correctly. In the past an unresolved phase
offset in the experimental flap motion of ~ 45° was men-
tioned by different authors [27,90,94]]. After the PD/B az-
imuth correction the offset is reduced by 14° to ~ 31° [27]].
In these cases rotor simulations have been conducted with
prescribed airloads from experiments [90L94]]. In this work
airloads are computed and thus, the offset is not visible
in the flap motion because flapping is reinforced by the
trim target shaft moments. However, the offset of ~ 31°
is visible by comparing the simulated and the experimen-
tal feathering motion. If the feathering motion is corrected
about 31° phase offset the simulated lateral pitch motion is
in agreement with test data, see figure Note that in
the related reference [93] the pilot control angles are given.
Hence, pilot cyclic inputs are converted into blade root
pitch motion. The longitudinal pitch agrees with the experi-



mental data at low speed. At higher speeds the longitudinal
pitch is significantly overestimated. This disagreement was
also observed in previous calculations using CAMRAD 11,
however lateral cyclic corresponding to longitudinal pitch
was significantly underestimated [93]].
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Fig. 6: UH-60A performance in trimmed horizontal
edgewise flight. Three different blade loading condi-
tions in a wind tunnel setup and a velocity sweep ac-
cording to Airloads flight test counter 85 calculated and
compared to literature [22,30,/93].

Fuselage Model

Both rigid and elastic motion of the fuselage are assumed
to remain small enough for linear approximation of gov-
erning equations of motion. Hence rigid and elastic mo-
tion is represented using modal coordinates. This ap-
proach has been used in the past for rotor fuselage cou-
pling as well [36}37,/44,|84)95,/96]. Besides these ap-
proaches often so-called stick models are used in previ-
ous work to represent the elasticity of the fuselage with
beams [46,49.[78.79L(8597]]. However, stick models do not
represent the fuselage dynamics appropriately [46] and are
not used in this work.

From literature two independent models are selected
which are herein referred to as DAMVIBS [33]] and HUBN-

ODE [37]] configuration. Both models have been used in
the past for rotor-fuselage coupled analysis [78},/84]. For
the NASA/AEFA configuration sufficient data could not be
observed [34]. The HUBNODE configuration exclusively
approximates structural UH-60A main rotor hub node dy-
namics using nine modes incorporating three translational
and three rotational degrees of freedom, see table [6] The
frequencies and the damping rations are given in the ref-
erences explicitly [36,37]. The modal masses given in
Ib — s? /in are scaled to kg by g-0.453592/0.0254. The
second factor scales pounds to kg and the third converts
1/in to 1/m. Note that modal data presented in this work
is given with modal masses strictly scaled towards unity.

Hence, the mode shapes are scaled with i See equation

18

Reference rigid body properties can be observed from
literature [17,20,[35/47,98]]. From these references, prop-
erties are selected which match the helicopter configuration
of the Airloads program counter 85 the closest. During the
flight test the mean weight coefficient is Cy /6 ~ 0.079.
From ref. [98]] a configuration is selected with a weight
coefficient of Cy /o = 0.0762, which is 3.5% mismatch.
However, data more close is not available from reviewed
literature. According to ref. [98] the fuselage is symmetric.
The selected properties agree reasonably with the design
properties according to ref. [[15,/17,/99]. Furthermore, the
COG location of this configuration is very close to the COG
location of the MTRA configuration [48]]. The rigid body
properties of the fuselage are summarized in table[I]

weight 74389 kg
Ly 7631.95kgm?  Xuerorer 8.776m
Ly 54233.08kgm?  Zuerorer 5.944m
L; 50436.73kgm?  Xpsper 17.790m
L, 226423kgm?  Zur 6.198m
XCG 9.154 m Xys,ref 17.653 m
2cG 6.279 m 2ys,ref 6.934 m
Xmr,hub 8.666 m Xtr,hub 18.593 m
Zmrjub  8.001 m Zrjub  8.247m

Table 1: Reference properties of the rigid UH-60A fuse-
lage [98]. All points given in the table are assumed to be
located in the fuselage plane of symmetry and given in
the construction frame. Coordinate system orientation:
x points rearward, z points upward.

A modal approximation of the rigid fuselage motion is
computed from fuselage inertia and mass given in table [I]
according to the following logic. Linearization of Newton-
Euler equation for spatial rigid body motion for an arbitrary
point Q of a rigid body yields [[100]:

=My =% =Fp
ml mi‘CQ uQ _ FQ (1 l)
—mi‘cQ @Q 0 MQ

where Fcp is the skew matrix representation of the corre-
sponding vector rcg and C is located at the body center of



gravity. Now equation [T]is simplified by choosing Q as
the center of gravity, hence:

=Mc =Xc =Fc

In table [T the inertia with respect to the center of gravity
Oc are given. To convert the states and the loads between
the two reference points Q and C the equations [I3]and [T4]
can be used.

12)

Xp = Kgckc (13)

Fe =x)eFp (14)

where: Koc = ((I) _rICQ) (15)
_ I #

@-(%)

It holds My = Ké(TjMCKéé. If M¢ is already a diagonal ma-
trix, the state vector X¢ can be interpreted as the generalized
coordinates of the rigid fuselage with the corresponding
modal matrix Fcg. In general, ¢ is not diagonal, hence
the modal matrix ¢c is calculated from matrix M¢ to find
the inertia principle axes and to find decoupled states and
the corresponding diagonal mass matrix M. Hence, for a
mode k the mass scaled rigid body mode shape for each
point Q; can be observed from (kg,c - Ocx) / v/ And i
are the diagonal elements of matrix M.

The rigid body modes at the main rotor hub according to
the properties in table [T] are given in table 2] The fuselage
configuration for the HUBNODE mode shapes in table [§]
is not evident from literature [36l37,/84]. However, the
values of the two rigid fuselage modal representations are
comparable, see table[2]and table[6] except for the different
signs of mode 4 and 6 and two additional non-zero entries
in the calculated model which result from the moment of
deviation Iy, given in table[T}

In figure the calculated transfer functions of the
HUBNODE model, using the elastic modes given in table
[6] are compared to shake test data and reference simulation
results [37]. In contrast to the figures depicted in litera-
ture [37] the absolute values of the amplitude are depicted.
The results are in good agreement with the reference data.
Especially the magnitudes of the most dominant compo-
nents are well captured. Thus, the model is assumed to be
correctly implemented. Mind that for the second transfer
function no test data is available between 14.9 Hz and 15.7
Hz.

The herein selected nodes of the DAMVIBS model and
its modal data are listed in table [/l To realize main rotor
coupling the nodes 65 and 66 are included as well as the
nodes 23, 30, 31 to capture the motion of the non-rotating
swash plate support and to account for fuselage coupled
control inputs later, according to the reference node num-
bers [33]]. Node 72 is included for tail rotor fuselage cou-
pling. Additional nodes are selected for future tail shake

X Ty
mode f[Hz] DI[%] Yy Ty
Zz r;
0.0115943 0
1 0.0 0.0 0 0
0 0
0 0
2 00 0.0 0.0115943 0
0 0
0 0
3 0.0 0.0 0 0
0.0115943 0
0 0.0115214
4 0.0 0.0 -0.0195432 0
0 -0.0006077
0.0073944 0
5 00 0.0 0 0.0042941
0.0020955 O
0 0.0002343
6 00 0.0 -0.0025708 O
0 0.0044413

Table 2: Modal main rotor hub properties of the rigid
UH-60A fuselage calculated from properties given in ta-
ble[ll

analysis using the nodes 55, 57, 59 (vertical tail), 60, 62,
64 (horizontal tail) and for assessment of cabin vibrations
using the nodes 07, 09, 10 (cockpit), 33, 36 (payload bay).
Note that these nodes are selected since required data is not
available for each node of interest [33]].

During the shake tests test DAMVIBS fuselage was sup-
ported by suspension systems. In the shake test results,
a coupling between the first elastic mode and the suspen-
sion system was discovered [34]]. But in this work, the
suspension system is neglected. In the reference data oc-
casionally a significant frequency of ~ 4.8Hz is included
in the transfer functions, which is neglected in this work as
well since this mode was mentioned or identified neither
in the reference itself nor in other references [33]. The
mode is predominantly visible at the tail rotor gear box
node and the tail rotor hub node in the lateral and verti-
cal response to an excitation in lateral direction at the main
rotor hub. In addition two modes of the DAMVIBS configu-
ration which have been experimentally identified (Stabila-
tor rigid body II & Stabilator Yaw) are not included in the
model described herein, since relevant data is not available.
Beyond that, additional modes were identified in the finite
element analysis which are neither included in the model
herein. Note that for the NASA/AEFA configuration [34]
and the MRTA configuration the modal properties from fi-
nite element analysis change significantly due to flight test
instrumentation and additional equipment [26}/48]].

In figure[7]the frequencies of the fuselage model and the
graphically estimated frequencies from transfer functions
are compared to the DAMVIBS model frequencies given in
ref. [33]]. Apparently, the frequencies of both models do not
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match. The first two frequencies of the HUBNODE config-
uration are lower compared to the DAMVIBS model and the
frequency of mode 3 is significantly higher. The digitized
data reveals that the corresponding frequencies do match
with the frequencies of the DAMVIBS model on average
except for the second fuselage mode. Figure [7] indicates
that the graphically observed frequency of the second mode
matches instead with the corresponding frequency of the
HUBNODE configuration [36}37]. Consequently, the fre-
quency of the second DAMVIBS mode is adjusted 6.4Hz. In
figure [7] a root mean square error of the digitized frequen-
cies is visible of 6 ~ 0.19Hz on average. This is most likely
due to the manual selection of the frequencies. The damp-
ing ratios of the two models HUBNODE and DAMVIBS are
in agreement, except for the first, second and fourth mode
where the damping ratios of the DAMVIBS model are much
lower, see tables[6and[7} It is anticipated that the damping
ratios from the HUBNODE model are blanketly selected as
0.025 which is a good approximation of the higher modes
according to DAMVIBS model.

For the DAMVIBS configuration modal masses and
mode shapes are not given explicitly in literature, however,
the transfer functions are given that include all necessary
information [33]]. To establish a modal representation a
mismatch measure 1 is used, see equation [I9] m takes all
selected transfer functions into account and calculates the
mismatch between the simulation and the reference. The
reference tests have been conducted by applying forces in
longitudinal, lateral and vertical direction at the hub exclu-
sively [33]. Yet, for a certain degree of freedom measure-
ments are in general not available for all forcing directions.

The transfer behavior in magnitude from DOF with index i
to DOF with index j at the excitation frequency @y is writ-
ten as H;j;, see equation H;j; is observed from literature
for a discrete number of frequencies. For the optimization
of mode shapes, the frequencies ®; are selected to match
the harmonics denoted by index k. Thus the refined calcula-
tion of the mode shapes is designed towards minimizing the
error at the transfer function peaks. Since the modal masses
iy are all scaled to unity and both the frequencies ®; and
the damping rations Dy, are known from literature [33], the
input-output magnitude relationship is only depending on
the mass scaled eigenvalues §;; and the phases do not have
to be considered in M. Since H;j; involves in general two
eigenvector entries of all modes except for the collocated
case, where only one entry of each eigenvector is involved,
the elements of the eigenvectors can not be determined in-
dividually.

ik - O
Hj = 17
ijl ; 0)% - (012 + 12D 0 5 a7
where Qi = 0ix /1 (18)
3 ———
' = (Hijt = Hijirer) /Hiy ey (19)

The determination of the mode shapes from literature
is done in four steps. This approach gives the best results
compared to other tested approaches. First the mode shapes
are estimated graphically from figures in literature [33]] and
appropriate modal masses are selected manually. Second,
these values serve as an initial solution for a subsequent
minimization of 1, see equation[I9} Rigid body modes are
neglected during the minimization. Third, after 1 is min-
imized successfully, all eigenvectors are compared to the
depicted mode shapes again. In some cases, it is necessary
to set eigenvector values to zero after minimization manu-
ally. Last, the transfer functions are rechecked if zeroing
elements cause significant discrepancies.

The transfer characteristics are shown for the main ro-
tor hub node since it is not possible to illustrate all 102
considered transfer functions. The transfer functions at the
main rotor head are in good agreement with the reference
test data, see figure [I3] Note that the frequencies of the
spikes do not match exactly, due to inaccuracies in the dig-
italization and disagreements in the frequencies and trans-
fer functions in the reference data itself [[33]. The transfer
functions are calculated with and without the rigid body
modes included. Since the difference is small, the determi-
nation of the elastic mode shapes without taking the rigid
mode shapes into account is confirmed to be acceptable. In
figure the spikes at > 20Hz are not captured by the
model herein since the frequencies are beyond the consid-
ered range. Figure [[3(b)|indicates an inconsistency in the
reference data since the transfer characteristics from longi-
tudinal direction to the lateral direction and vice versa dis-
agree especially at frequencies higher than ~ 12Hz. The
result of the minimization of 1 is consistently in between.
In the other depicted non-collocated cases the data agrees



much better. All transfer functions which are not depicted
in this work are comparable in magnitude with the ones
exemplarily shown, except for lateral direction pilot floor
response to excitation in longitudinal direction at the main
rotor hub (one decade overestimated), and the lateral re-
sponse of the tail rotor hub to excitation in longitudinal
direction at the main rotor hub (nearly one decade under-
estimated). The first transfer function is of low magnitude
compared to the others and assumed not to be adequately
represented in the cost function M. The second transfer
function only disagrees significantly at the modes 2-5.

The models are compared based on the main rotor hub
node. For comparison the corresponding transfer functions
of the DAMVIBS model are as well depicted in figure [I2]
Obviously, there is no noticeable agreement between both
models. The magnitudes of the HUBNODE model are sig-
nificantly higher at a frequency of 14Hz to 15Hz and lower
at low frequencies compared to DAMVIBS model. In ta-
ble [3] the mode shapes are compared by means of MSF
and MAC criterion. The criteria are applied to previously
matched modes since the number of included DOF (3) is
much lower than the number of considered modes (8 and
9) which results in rank deficiencies of the modal matrix.
Consequently, the criteria would indicate many matches
among the modes, because too little information is consid-
ered for each mode. However, the modes are selected cor-
responding to the frequencies and show reasonable agree-
ment in terms of MSF and MAC at low frequencies, see
table 3] Whereas there is no agreement in MAC at the
fiftth mode and higher. For MSF values lower than one,
a smaller transfer function value of the DAMVIBS model
would be expected. However, figure [I2] indicates the op-
posite. This can be explained by the fact that the damping
ratios of the DAMVIBS model are lower compared to the
HUBNODE model. The agreement of MAC and MSF for
the third modes is surprising since the corresponding fre-
quencies differ significantly, see figure

HUBNODE DAMVIBS MSF MAC

mode 1 mode 1 0.7054 0.9895
mode 2 mode 2 0.8185 0.9868
mode 3 mode 3 0.8703 0.7452
mode 4 mode 4 1.1875 0.7637
mode 5 mode 5 04116 0.1333
mode 6 mode 6 0.0093 0.0001
mode 7 mode 7 0.0545 0.0079
mode 8 mode 8 0.4566 0.4264
mode 9 mode 8 0.7332  0.0545

Table 3: MAC and MSF for selected mode combina-
tions of model HUBNODE and DAMVIBS configura-
tion. Sign of MSF neglected.

Coupled Rotor-Fuselage Analysis

The coupled rotor fuselage analysis includes the models de-
scribed in the first two sections, namely the rotor model and
the fuselage model. To represent the fuselage, the HUBN-
ODE configuration is selected to investigate the influence
of rotational degrees of freedom which are not available for
the DAMVIBS configuration. Since the node of this model
is located at the main rotor hub, the rotor shaft elasticity is
assumed to be already represented by the elastic fuselage
model, hence a rigid rotor mast with the same geometry
as described earlier is used and combined with the modal
fuselage representation. This approach has already been
used in the past by other researchers [101]].

In context of the Airloads Program flight counter 85
the calculated hub accelerations are compared to test data
[48]. Discrepancies are expected since the counter 85 con-
sists of flight states where significant blade vortex inter-
action (counter 8513) and helicopter high speed phenom-
ena (counter 8534) occur, which are expected not to be
adequately resolved by the used aerodynamic representa-
tion. The counter 8513 and the counter 8534 have often
been referenced in the past due to the highly complex phe-
nomena involved [23}[24,/70l74,(87,190, 102-109|]. Dur-
ing the coupled analysis the trim settings are properly met.
The hub accelerations are calculated over 20 rotor revolu-
tions. Forces and displacements are exchanged each time
step (Ar = 0.001s). At the main rotor hub, rotor torque is
not imposed on the fuselage model since the shaft bearing
transfers no moment in shaft direction between rotor and
fuselage. No vibratory displacement in shaft direction is
imposed on the rotor consistently.

In the simulation no logic is integrated to trim and sta-
bilize the rigid body fuselage motion. Hence, the RBM are
neglected in the coupled analysis. In figure [T4] the results
of three different simulation setups are depicted. The cou-
pled simulation with all DOF involved underestimates the
mean half peak-to-peak accelerations in both in-plane and
out-of-plane direction significantly compared to flight test
data [48], see figures [T4(a)| and [T4(b)] The 4/rev out-of-
plane and 3/rev in-plane harmonics agree with test data at
low speed and are overestimated at higher advancing ra-
tios, see figures[T4(c)|and[T4(e)] 8/rev out-of-plane as well
as the 5/rev in-plane harmonics are in agreement with the
test experimental reference, see figures [[4(d)| and [[4(D)] If
the rotatory DOF are neglected in the analysis, the in-plane
5/rev harmonics, the mean half peak-to-peak accelerations
and the 4/rev out-of-plane harmonics decrease. If the ro-
tor is calculated with a hub fixed support, the fuselage hub
accelerations are significantly higher compared to the sim-
ulation with displacement feedback, except for the out-of-
plane 8/rev harmonics. Note that previous simulations us-
ing the HUBNODE configuration for coupled analysis [84]
the 3/rev in-plane accelerations do agree with the reference
test data [48[]. An explanation for the disagreement of 3/rev
in-plane harmonics is that the bifilar absorbers are not acti-
vated in this work which however reduce the vibrations in



flight test and in the reference simulation [48}/84].

Conclusion

The rotor model described herein is successfully vali-
dated against available experimental data. The rotor struc-
tural representation is sufficient for future analysis. The
DAMVIBS fuselage model is established based on available
experimental data as well. The two different modal repre-
sentations of the main rotor hub node agree at low but not at
higher frequencies. All in all, the eigenvectors are assumed
to be correctly reconstructed from the available reference
data, although the comparison at only one node is not suf-
ficient to claim the correctness of all eigenvector entries.
It should be possible to setup the model described herein
from the data and references given in this work. The pro-
cessed and presented fuselage data from literature allows to
directly feed simulation programs and to use modal space
fuselage representation for efficient rotor-fuselage coupled
analysis.

Two particular shortcomings in this work in comparison
to experimental results are the prediction of the rotor blade
feathering motion and the hub accelerations. At higher ad-
vancing ratios the feathering motion does not agree with the
experimental data. An inconsistency between the flap and
feathering motion in comparison with the Airloads flight
test data is discovered. This could be related to obscure
azimuth reference and an azimuth offset which has already
been mentioned by other researchers [90}94].

Beside the magnitude, the accelerations do not agree in
their characteristic over different horizontal flight speeds
[110]. The half peak-to-peak mean accelerations are sig-
nificantly underestimated in contrast to the individual har-
monics. In particular, the high accelerations at =~ 0.1 and
u > 0.3 are not captured [48]]. This trend correlates with
the shaft pitching moment used in this work as trim tar-
get, which indicates empennage interference effects [93]].
For better representation of the mean half peak-to-peak in-
plane and out-of-plane accelerations the rigid body modes
as well as interactional aerodynamics should be included
into the simulation [93,/110]]. This requires to modify the
trim strategy. Although the results calculated with fixed ro-
tor support agree better in magnitude with test data, how-
ever not in trend, the physics are not better represented
compared to an elastic rotor support. To improve in-plane
3/rev acceleration the bifilar absorbers should be integrated
into the coupled rotor fuselage simulation. The rotational
degrees of freedom have an effect on the translational hub
accelerations. In this work the control linkage connections
between the rotor system and the fuselage are neglected,
since the selected modal representation only consists of the
main rotor hub node. In general, it is important to take
all connections between the rotor system and the fuselage
into consideration [38},/111]]. Besides the rotor shaft this in-
cludes the control linkage as well. On the one hand struc-
tural vibrations can be transmitted via the control linkage

system and fuselage motion can introduce feedback con-
trol inputs which may lead to significant loads on the other
hand [111]].

Future Works

The validation cases available from reviewed literature are
limited, hence additional detailed data is necessary. A re-
finement for structural loads prediction could be the inte-
gration of the drive train and gearboxes [|17,[20}/101}|112].
The control linkage connection at the fuselage could be
modeled in addition to the hub connection to cover feed-
back control inputs introduced by fuselage motion [38,
111]]. The coupled rotor-fuselage simulation could be fur-
ther improved using Herting’s mode synthesis approach
[46L/113]]. To better represent blade sectional loads and
vibratory hub loads, refined and unsteady aerodynamic
representations such as Leishman-Beddoes, Free-Wake or
even CFD are required [38},40.163//67,/101,{106,{114]]. The
tail rotor and aerodynamic rotor-fuselage, rotor-empennage
and rotor-rotor interactions could be considered in future
since they affect the vibratory content significantly [40,93].
Hence, trimmed free-flight scenarios could be simulated
since trim attitude and helicopter motion affect vibrations.
In this context the stability augmentation system, auto-pilot
and rigging characteristics can be added for better flight
dynamics representation [115+H117]. Gain scheduling and
analytical estimation of the Jacobian matrices [118]] or ad-
vanced controller architectures [[119] could be used to im-
prove the trim strategy. For future optimization and Monte
Carlo simulation tasks of trimmed flight states the trim
solver could be replaced by periodic shooting or harmonic
balance to solve directly for periodic solutions [[120].
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Appendix

symbol  value description

general N, 4 [15,(17.120, ,

c 0.0826 [15,17,120, 48]

R 8179m 17,20,47] [36198.99]

y ¥ [17,2047,95]
rotor head & Bo 8° precone angle for zero strain ||
blade attachment Go 7° prelag angle for zero strain |, ,|

O 8° built-in pitch angle of .75 R radial station ||

e 0.38lm flap & lag hinge offset

yph 0.184m  pitchhorn distance to feathering axis
Zph  0.024m  pitchhorn vertical offset

bifilar absorber ri  0.4628 m radial station of inner hole center
R; 0.0492 m radius inner hole |m|
Ry, 0.0222m  radius tuning pin Iﬁl
R, 0.0496 m radius outer hole, tuned towards 3/rev
Ryn  0.0394m tuning mass distance to outer hole midpoint

Opa  45° azimuthal built-in angle
swash plate zew 0.375m  vertical swashplate position

rpt 0.442m  radial position pitchlink pick up

op1  31.217° azimuthal position
rew  0273m  radial position servo pick up [[122]

shaft lh 05m length graphically determined
scissor Zse 0.214m  vertical position graphically determined |

ler 0423 m scissor hinge radial position calculated ||
Iy  0.090 m scissor hinge vertical position calculated ||
Osc  30° azimuthal position estimated from
Fseo 0402 m outer pick up radius

I'sei 0.246m  inner pick up radius graphically determined

pitch link Iy 0405m  length pitch link

0, 0.424° pitch link tilt angle in radial direction, calculated

P, 0.0° pitch link tilt angle in azimuthal direction
Servos ly  0.150m  servo lenght graphically determined [122]

dey  90° azimuthal orientation of servos [122]

Adp  0° azimuthal position forward servo |

Ay,  90° azimuthal position lateral servo ||

Ad3  180° azimuthal position aft servo [122]
lag damper b 0.082m Bigmr from ||

¢ 0.306 m Cigmr from ||
d 0254m  Dign from [17
rna  0.175m Rigmr from ||
ha 0.397m  lag damper length

Table 4: UH-60A main rotor geometry data. Definition of points inherent from figures 28]



inertial I: I Definition of Frames Definition of Points

Iep} ={0,1,0}
fuselage F: tLT ngz ; %[gtré’(o)}, 0,cos (y)}
F?:gy: {0’170} ..................... . SAS: {O’O’O} ....................................
shaft S: 4LT ieOSSZ::{{O_,OS’H(;fY) ,0,cos (v)} : ilé_; = %8:835:;?

Sé% vy {cos (§sv + Opi +Ad;) , — sin (Psy + Opi +AG;) , 0}
servo Tj: I 5€7,,. = {—sin (9sv + i +A;) , —cos (Psy + dp +Ad;) , 0}
L. SOTl = {_rsv - COS (¢sv + ¢pl +A¢i) ,Fsy - SiN (¢sv +¢p| +A¢i) sy +st}
o 1AL = {0,0,0}
s 7B, = {lsv,0,0}

sék,y = 10,1,0} sé'gz,y = {1,0,0} sém {0,-1,0} sa,;,y ={-1,0,0}
=T =
SeR _ZZ{O,O,—I} geR z_{OO 1} SeR Z—{OO 1} SER .ZZ{O,O,—I}
t R;: 1 3, 4

oo «LT sOk, = {0,0,0} sOg, = {0,0,0} 44 sOg, = {0,0,0} <LT sOg, = {0,0,0}
RE’Ey_{sin( ),cos (%) ,0} * pAp ={0,0,0}
Re _{00 } . EBE:{O,Vi,O}

absorber E: X OEZ {0,0,¢-sin (Bo)} o ;Cp ={0,ri+R —Rp,0}
g RYE =105, 0 . EDE:{O,Fi+Ri+R072~Rp,O}
e pEp = {O,I"i + R+ Ry + Rny —2~Rp,0}

R;€ c} ={- Sln(¢sc+¢pl)7COS(¢sc+¢pl)70}

. R,eaZ {0,0,1} ® cAc ={0,0,0}

scissor | [ pO¢ ={0,0, 200} B = {0,0. 20y — 250}

.
s cCc= {Vsc,i707st _Zsc}
o cDc= {ISC,hOvlSC,V}

e cEc= {rSC,Oa()vO}

R;€ % = {—sin(0pi) ,cos (), 0} * Wgw _ }070(,)03}
REWZ—{OOI} * WDhw = rp|77 .
swash plate W: ~ 2.0 0.0 o wCw = {rsc0 €08 (Psc) ,7sc,0 - sin (9sc ) , 0}
w = 10,0, —zow} o wDW = {rey - 08 (Osy + A1) , ey - 5in (0sy + Ad1 ) ,0}
s wEw = {VSV-COS (¢sv+A¢2)7rsv's'm (¢sv+A¢2) O}
o why = {rsy-cos (Psy +Ad3) , 75y - sin (Psy + Ad3) ,0}

Wé'{_’y = {sin(0) - sin(P),cos (P),cos (O) - sin(P) }
I Wg{,z = {sin(0) - cos (®), —sin (P),cos (O) - cos (®) }
WOL:{rphOaO} . LAL:{()?O)O}
o 1B, =1{0,0,Iy}

R,-Egy = {Oa 130}

precone P: Rigl{iz = {—sin(Bo),0,cos (o)}
,g &,0p =1{0,0,0}

e, ={0,1,0} o 444 ={0,0,0}
) PeA,,_{O 0,1} s 4By = {e,e-sin({p),0}
attachment A: I P0A7: {0,0,0} s 4C4 ={0.1-R,e-sin({y),0}
L ]
.
.

pitch link L:

ADs = {e— coqt()Bo) e-sin(§y) —d,0}

AEq = {e e- sm(Co)—i-ypm th}
AFy ={e+c,e-sin(§y) —rg,0}

AeD)_{O’O _1} q . DAD:{O7070}
1 _
damper D: Aeh, = {15 <C—t|)— “(BaT ) e, 0} ¢ pBp ={0,0,lq}
] AO0p={e— e sm(Go) —d0F

Aggy = {0,cos (Brer) , sin (Brer) } s sAp={0,0,0}
| AEZT;J — {0, —sin (Bef) ,c08 (Brer) ) ® pBg =1{0.9-R,0,0}
blade B: | I 405 ={0.1-R,e-sin(y),0}

Fig. 8: Definition of frames and points of the rotor system depicted in figure 2} Constants given in table [4

Assumption: EE:EEO)) ~ 1.




description

comment / value

reference

general

(Cr/o) max Main rotor
main rotor speed
lock number main rotor

0.1846
4.3 Hz
8.1936

rotor head &
blade attachment

(*)flap/lag hinge stiffness
(+) pitch horn stiffness
(*)pitch bearing damping

5250ft-1b/rad
8.758+e06N/m
20(ft-1b)/(rad-sec)

shaft stiffness  calculated for a steel cylinder:
inner radius r;  0.09m (graphically estimated)
outer radius r,  0.1m (graphically estimated)
damper damper characteristic
associated spring stiffness  0.0N/m
blade sectional beam properties .28
structural twist 17,[123,/124]]
aerodynamic twist
2D airfoil tables
main rotor profiles  SC1095, SC1094(5)R8 13,15 , , |
airfoil distribution  NO polar: 0.0 —0.757m, ,183,125]]
(linearly interpolated) SC1095: 0.757 —2.992m
SC1094R8: 3.246 —5.913m
SC1095: 6.167 —7.361m
chord length  data from references consolidated |, |
quarter chord offset  data from references consolidated |, ,
bifilar absorber Mpin  2.63kg
Mtuning mass 15.4kg
Lpin  0.001952kgm?
L tuningmass ~ 0.03541kgm?
swash plate mass 90.54kg
diametrical inertia Ix,ly  2.054kg m?
pitch link stiffness ~ 2.745+e06Nm~! 91,122
mass 3.397kg
(*) damping  2401b/(ft-sec)
Servos (*) standalone stiffness  18.0603+e06Nm !

forward servo stiffness
lateral servo stiffness
aft servo stiffness

15.0+e06Nm™!
4.5+¢06Nm~!
5.8+¢06Nm™!

) not used in within this work explicitly

Table 5: UH-60A main rotor structural and aerodynamic properties.
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Fig. 9: Comparison of simulated mode shapes with literature [25].
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Fig. 10: Simulated UH-60A main rotor states in trimmed condition compared to literature according to Airloads
flight test counter 85 [93] and wind tunnel data [30].
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Fig. 11: Simulated UH-60A main rotor states in trimmed condition compared to literature according to Airloads
flight test counter 85 [93] and wind tunnel data [30].



X

mode f[Hz] D[%] vy ry
z r;
rigid body mode 0.0114572 0
1 0.0 0.0 0 0
0 0
rigid body mode 0 0
2 0.0 0.0 0.0114572 0
0 0
rigid body mode 0 0
3 00 0.0 0 0
0.0114572 0
rigid body mode 0 -0.0125743
4 00 0.0 0.0231444 0
0 0
rigid body mode 0.0080462 0
5 00 0.0 0 0.0043715
0.0020679 0
rigid body mode 0 0
6 0.0 0.0 0.0021154 0
0 -0.0044974
5.6176e-05 -1.1325e-02
7 5.1 2.5 8.4264e-03  1.0505e-03
5.6176e-05  3.4660e-03
-1.4679e-02  -2.0292¢-04
8 64 2.5 4.3173e-05 -8.8074e-03
4.7491e-03  4.7491e-04
2.7109e-03  -2.6566e-03
9 11.6 2.5 -3.5241e-03  -1.0084¢-03
1.1928e-03  -1.2795e-02
1.2819¢-02  -2.6172e-03
10 121 2.5 -8.0117e-03  -9.9345e-04
1.1750e-03  -1.2605e-02
-1.8321e-02  -1.4356e-02
11 138 2.5 6.8361e-03  -5.7423e-03
-5.0132e-03  -7.8843e-04
5.0156e-05  2.3975e-02
12 143 2.5 2.7084e-02  1.5548e-04
-5.0156e-05  7.8746e-04
3.3350e-02  1.7095e-02
13 153 2.5 3.3350e-05 -7.0901e-03
-1.0338e-02  2.0010e-04
2.4260e-02  -9.3576e-05
14 174 2.5 1.8022e-02  3.1539e-02
4.3322e-03  2.0795e-04
-1.5058e-03  7.5288e-03
15 21.1 2.5 6.6254e-03  2.5899¢-04
3.0115e-05 -1.5058e-03

Table 6: Modal main rotor hub properties of the rigid
and elastic UH-60A fuselage HUBNODE configuration

observed from literature [37]].
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Fig. 12: Simulated transfer functions of the UH-60A
main rotor hub compared against references [33,37].
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D [%] 1.0 1.0 2.9 1.4 2.7 2.6 2.8 2.1
o [Hz] 5.5 (6.4 10.1 12.3 13.8 14.0 15.4 19.3
07 y  +4.98e-03 +1.41e-05 -4.46e-03  +7.72e-06  +6.50e-03  +5.69¢-04 +0.00e+00  +9.33e-05
z +1.12e-03  +8.28e-03 -8.10e-03  +2.74e-03  +2.90e-03  +8.31e-03 -7.01e-03 +2.97e-03
09 x  +0.00e+00 +2.16e-03 -8.46e-03  +1.25e-03  +2.18e-02  +5.29¢-04  +1.40e-03 +4.48e-03
z +1.19e-03  +7.65e-03 +1.41e-02  +2.68e-03 +0.00e+00  -1.37e-02  +9.09e-03 +2.22e-03
10 y  +5.25e-03  +4.64e-04  -5.35e-03 -1.97e-04  +6.34e-03 -4.14e-04  +0.00e+00  +6.23e-04
z -1.79e-03 +7.61e-03  +1.09¢-02  +2.07¢-03  +3.09¢-03  +8.87e-03  +1.04e-02  +1.81e-03
23 x  +0.00e+00 +5.07e-04 +0.00e+00  +8.06e-03 -2.21e-02  -1.42e-03  +0.00e+00 -2.86e-04
y  -1.32e-03  +1.37e-04 +6.23e-03  +4.83e-04 +1.0le-02  +1.81e-03  +0.00e+00 -9.35e-05
z +4.28e-04 +1.06e-03 +4.08¢-04 +1.61e-03 -5.52e-03 -1.03e-02  +1.76e-03 +9.14e-03
30 z +6.85¢-04 -1.02e-02  -4.36e-04  -8.34e-03 -3.74e-03 -6.80e-03  +1.71e-03 +1.62e-02
31 y  -3.80e-03 +5.68e-04  -4.71e-03  +1.12e-03 -2.40e-02  -8.40e-04  -1.47e-03 +1.08e-03
z -327e-04  -6.46e-03 +1.47e-03 -7.02e-03  +3.49e-03 -4.08e-03 -2.27e-03 +5.31e-03
33 y  -5.73e-03  +5.00e-04  +9.36e-03  +2.64e-04  +3.20e-03 -4.64e-04  +0.00e+00  +2.02e-03
z  +2.14e-03 -1.06e-02  +5.46e-03 -7.90e-03  +4.94e-03  +3.89¢-03 -5.36e-03 -1.60e-02
36 z  -1.14e-03 -1.02e-02  +8.50e-03 -8.36e-03 -4.95e-03 -5.82e-03  +4.19e-03 -1.85e-02
55 X  -3.98e-05 +3.11e-03 +2.74e-03  +1.17e-03  +1.92e-03  +2.69¢-03  +2.46e-03 +2.97e-03
y  -3.52e-03  +5.26e-04 +0.00e+00 +2.06e-03  +2.59e-02 +0.00e+00  -2.63e-02  +1.06e-03
z  -242e-04  -1.10e-03  +4.50e-03 +2.16e-02  -1.39e-03 +1.44e-02  -2.63e-04 -1.22e-03
57 X +5.17e-04  -2.40e-02  -3.06e-03 -1.55e-02  +1.76e-03 -1.03e-02  -1.51e-03 +2.68e-03
y  +1.54e-02  +0.00e+00 +0.00e+00 +1.18e-03  +1.27e-02  -8.97e-04  +1.54¢-02 -1.41e-04
59 X  -2.61e-03 -4.99e-02  +6.08e-03  +3.88e-02  -1.47e-03 +2.35¢-02  -3.99¢-03 +4.61e-03
y  +3.52e-02 +0.00e+00 +0.00e+00 +9.60e-04  -1.84e-02 +0.00e+00  -2.11e-02  +3.84e-04
z +4.37e-03 +2.72e-02  +5.72e-03  +2.90e-03  +3.84e-03  +6.09e-03 -3.87e-03 +2.47e-03
60 X  -1.25e-02  -1.45e-02 +1.12e-01  +1.01e-02  +6.05e-02  -3.77e-03  +5.13e-02 -2.77e-03
y  +6.70e-03  +0.00e+00 +0.00e+00 +0.00e+00 +5.67¢-02 +0.00e+00 +4.31e-02  +0.00e+00
z  -2.96e-02 +1.81e-02  -1.46e-01 +3.72¢-02  -6.10e-02  -2.79e-02  -1.63e-02  +1.10e-02
62 X  -3.32e-04  -1.05e-02 +1.08e-03 -2.28e-03  +3.92e-03  +3.87e-03  +4.70e-03 -2.37e-03
z +2.02e-04 +1.78e-02  +3.26e-03  +1.19e-02  -1.77e-03  +1.28e-02  -1.38e-03 +3.18e-03
64 X  +1.45e-02  -3.30e-03 -1.15e-01 -9.13¢-03 -5.33e-02  +8.75e-03 -4.64e-02  +8.37e-03
y  -3.44e-03 +0.00e+00 +0.00e+00 +2.95e-04 +1.73e-02 +0.00e+00 +1.43e-02  +3.40e-03
z +3.24e-02 +1.68e-02 +1.64e-01 +8.49e-03 +5.43e-02 +3.04e-02 +1.65e-02  +1.08e-02
65 X  -6.18e-04 +1.25¢-02  -1.72e-03  +2.04e-02  -1.59¢-03  +1.85e-02  +1.56e-03 -1.95e-02
y  -5.94e-03 -3.01e-04 +4.21e-03 -1.68e-03  +2.25e-02  +1.97e-04  -2.13e-02  +6.29e-04
z +1.60e-04  -2.52e-03 +9.02e-04  -2.03e-03  +3.02e-03 -1.18e-02  -1.45e-03 +8.57e-03
66 X  +1.22e-04  -5.72¢-04 +1.88e-03 -9.11e-03  +9.01e-05  +3.05¢-03  +3.39e-04 -8.60e-04
y  -3.33e-03  +1.87¢-04 +7.14e-03  +9.46e-04 +1.09e-02 +2.01e-03  +0.00e+00  +2.14e-04
z  -1.40e-04  -3.15¢-03 +2.20e-04  +1.80e-03  +1.03e-03 -8.26e-03 -3.23e-04  +9.36e-03
72 x  -3.16e-03 -4.73e-02  +6.63e-03  +4.73e-02  -3.18¢-03  +3.03e-02  -9.40e-04  +7.74e-03
y  +3.71e-02  +0.00e+00 +0.00e+00 +0.00e+00  -2.08e-02 +0.00e+00  -2.47e-02  +2.17e-03
z  -1.78e-02 +3.36e-02 +7.48e-03 +7.41e-03  +1.33e-02 +5.23e-04  -1.41e-02 -1.11e-03
node 07:  pilot floor node 33: rear cabin floor right node 62: horizontal tail mid
node 09:  copilot floor right node 36: rear cabin floor left node 64: horizontal tail left tip
node 10:  copilot floor left node 55:  vertical tail bottom node 65:  main rotor shaft top
node 23:  control linkage forward node 57:  vertical tail mid node 66: main rotor shaft bottom
node 30: control linkage aft right node 59:  vertical tail top node 72: tail rotor hub
node 31:  control linkage aft left node 60:  horizontal tail right tip NOTE: masses scaled to unity

(Vthis value is changed with regard to [33| for better agreement with experimental data and other references [|36|

Table 7: Identified fuselage modes based on literature [33]. Note that the zeros elements have been set manually

after minimizing the objective function [I9)for better visual agreement of the mode shapes.
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Fig. 13: Simulated transfer function of the UH-60A main rotor hub with and without rigid body modes compared
against literature [33].
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Fig. 14: UH-60A hub accelerations in trimmed horizontal edgewise flight. According to Airloads flight test counter
85 velocity sweep [22,93]. HUBNODE configuration used to represent the fuselage.



