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Aeroelastic Analysis of Transient Blade Dynamics
During Shipboard Engage/Disengage Operations
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and
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An analysis has been developed to predict transient aeroelastic rotor response during shipboard engage/
disengage sequences. The blade is modeled as an elastic beam undergoing de� ections in � ap and torsion.
The blade equations of motion are formulated using Hamilton’s principle and they are spatially discre-
tized using the � nite element method. The discretized blade equations of motion are integrated for a
speci� ed rotor speed run-up or run-down pro� le. Blade element theory is used to calculate quasisteady
or unsteady aerodynamic loads in linear and nonlinear regimes. Three different simple wind-gust distri-
butions are modeled. Basic ship-roll motion characteristics are also included in the shipboard airwake
environment. An H-46 rotor system model is developed and shows excellent correlation with experimental
static tip de� ection and blade natural frequency data. Parametric studies are conducted to systematically
investigate the effects of collective and cyclic pitch control settings, droop stop angle, and ship motion on
blade response. These studies indicate that collective and cyclic control inputs have a moderate effect on
maximum negative tip de� ections. Torsion is shown not to be required for rotorcraft with small amounts
of pitch­ � ap coupling. Unsteady aerodynamics is shown only to be important to the blade response at
high wind speeds for spatially varying gusts. A � ap damper is incorporated and is effective in reducing
tip de� ections if the � ap stop angle is increased.

Nomenclature
C = damping matrix
Cb = � ap damper strength
hcg = height of rotor disk above ship c.g.
ÎH, ĴH, K̂H = unit vectors in hub coordinate system
K = stiffness matrix
Kb = droop/� ap stop spring stiffness
M = mass matrix
P = ship-roll period
Q = load vector
q = global vector of nodal displacements
T = kinetic energy of blade
t = time
ti = initial time
tf = � nal time
U = total potential energy of blade
UB = potential (strain) energy of blade
UDS = potential energy of droop stop
UFS = potential energy of � ap stop
UPL = potential energy of pitch link
V gust = velocity vector of blade relative to air� ow
Vroll = lateral wind speed caused by ship-roll motion
Vwod = relative wind-over-deck speed
Vvert = vertical wind speed

gustV x = longitudinal wind speed
gustV y = lateral wind speed
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gustV z = vertical wind speed
W = total work done by external forces
WAF = work done by aerodynamics forces
WFD = work done by � ap damper
WG = work done by gravitational forces
w9DS = droop stop angle
x = nondimensional radial location along blade
aw = angle of wind-over-deck above horizon
Dw9 = � ap hinge angle
d = variational operator
klat = deterministic gust lateral scaling component
kvert = deterministic gust vertical scaling component
P = total energy
Fc = modal matrix of cantilevered mode shapes
Fh = modal matrix of hinged mode shapes
fmax = maximum ship-roll angle
fs = ship-roll angle
c = rotor blade azimuthal angle
c̄ = nondimensional time
cwod = relative wind-over-deck direction
V = rotor rotational speed
VDS = rotor rotational speed when droop/ � ap stops

extend/retract
V0 = reference rotor rotational speed

Subscripts
a = inboard node of element
b = outboard node of element
i = ith � nite element

Superscripts

· = ­( )/­t
¨ = ­2( )/­t2

Introduction

S INCE 1943, the U.S. Navy has operated rotorcraft aboard
ships, where unique and often hazardous conditions can
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Fig. 1 H-46 and droop stop schematic.

be encountered. One potential problem can occur during the
engagement and disengagement of the rotor system while the
helicopter is on the � ight deck. Excessive aeroelastic � apping
of the rotor blades can occur at low rotor speeds, when the
centrifugal stiffening is low, because of high winds and sea
states. In some conditions, the blade’s � apping becomes large
enough for it to contact the helicopter’s fuselage, resulting in
a tunnel strike for tandem rotor con� gurations (Fig. 1), or the
tailboom, resulting in a tailboom strike for single-rotor con� g-
urations. The H-46 Sea Knight, a tandem rotor helicopter used
by the U.S. Navy and Marines, has encountered over 100 tun-
nel strikes since 1964 and still occasionally experiences them.
Most tunnel strikes cause minor damage such as denting or
tearing the synchronization shaft cover or cracking the syn-
chronization shaft mounts. Major damage involves sever-
ing the synchronization shaft, blade failure, or droop stop fail-
ure. The U.S. Navy has conducted several shipboard H-46 en-
gage/disengage tests and has determined that shipboard test-
ing is too costly and time consuming because of the large
number of variables involved; but analytical methods to predict
the tunnel strike event are currently being explored.

In 1985, tailboom strikes were investigated using a � apwise
elastic rotor code of a hingeless rotor system.1 The transient
blade response was predicted using analytic run-up and run-
down rotor speed time histories and quasisteady aerodynamics,
including a Kirchoff trailing-edge separation model. The ship
airwake environment included ship-roll motion effects on wind
and simple deterministic gusts that were developed from model
scale wind-tunnel surveys correlated with full-scale ship air-
wake data. The aerodynamic model was later improved by
including � ap­ torsion coupling and the deterministic gust
model was correlated with additional wind-tunnel experi-
ments.2 In 1992, the elastic � ap code was modi� ed to model
articulated (hinged) rotor systems in which blade motion is
constrained from excessive upward and downward � apping
motion by mechanical � ap and droop stops.3 These stops were
modeled using high-rate linear springs that apply a restraining
force only when the blade � ap de� ection at the spring location
is large enough to cause contact. Recent studies were con-
ducted to validate the rotor analysis in which a model rotor

system with rigid, teetering blades was placed aboard a scaled
ship deck and tested in a wind tunnel.4,5 The in� uence of the
ship’s structure was proven to be very important to the blade’s
behavior and the largest � ap de� ections occurred for the hub
location one-quarter of the deck’s width from the windward
deck edge.

The objective of the current research is to develop an alter-
native and improved analysis, compared to Refs. 1­ 5, capable
of predicting transient blade response during shipboard
engage/disengage operations. The present research differs from
earlier efforts in several ways. Flap­ torsion elastic blade mo-
tions are predicted using the � nite element method (FEM) to
provide for greater � exibility in modeling different hub types.
A time-domain unsteady aerodynamic model based on indicial
response is used to calculate airloads in the attached � ow, non-
linear separation, and dynamic stall regimes. Experimentally
measured H-46 run-up/run-down rotor speed time histories are
employed in the prediction of the transient blade response.
Using this analysis, an H-46 blade model is developed and
validated against experimental data. Parametric studies are
conducted to systematically investigate the effects of collective
and cyclic control settings, droop stop angle, and ship motion
on blade response. A preliminary study of the effectiveness of
a � ap damper in reducing tip de� ections is conducted. Fur-
thermore, the importance of torsion and unsteady aerodynam-
ics to the simulation of the blade response is determined.

Helicopter Model
The blade strike analysis differs from most rotorcraft anal-

yses because the blade strike phenomenon occurs under low-
thrust and low-rotor speed conditions. The rotor speed run-up/
run-down pro� les are functions of time and are rotorcraft
speci� c. An important issue when performing a transient anal-
ysis is the difference between c and . These terms are con-c̄
sidered the same when integrating the blade equations of mo-
tion for a constant rotor speed equal to V0. For this analysis,
c and , given in radians, are de� ned asc̄

tf

c = V(t) dt (1a)E
0

c̄ = V t (1b)0

Blade � ap and torsional de� ections are predicted using the
Bernoulli­ Euler beam bending theory. Radial variations in
elastic, inertial, and aerodynamic properties are accommodated
by employing the FEM. The assumptions in this analysis in-
clude the following: the total rotor thrust is close to zero,
which precludes the need for in� ow and ground-effect models;
gravity forces are necessary because the blade operates at low
rotor speeds; ship motion effects on blade inertial loads are
negligible because of low ship motion frequencies relative to
the rotor frequency2; and lead­ lag degrees of freedom are ne-
glected because the portion of the engage/disengage sequence
in which the majority of tunnel strikes occur is where V(t) is
less than 20% of V0.

6 In this region coriolis forces are small.
Also, most articulated rotor blades have small amounts of
twist, which reduces � ap­ lag coupling.

Formulation Using Hamilton’s Principle

The partial differential equations governing blade motion are
derived using the generalized Hamilton’s principle:

tf

dP = (dT 2 dU 1 dW ) dt = 0 (2)E
ti

Detailed formulations of all terms are presented in Refs. 7 and
8. The variation of strain energy and virtual work are com-
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Fig. 2 Analytic model of shipboard aerodynamic environment.

posed of aerodynamic forces, gravity forces, pitch link stiff-
ness, and droop stop stiffness and are expressed as follows:

dU = dU 1 dU 1 dU 1 dU (3)B DS PL FS

dW = dW 1 dW 1 dW (4)G AF FD

Brief formulations of the variation of droop and � ap stop strain
energy and � ap damping are presented next.

The rotor system features most important to the engage/
disengage process for an articulated rotor system are the droop
and � ap stops. The droop stop, shown in Fig. 1, restrains the
downward rotation of the � ap hinge during low rotor speeds
and at rest. The � ap stop restrains upward � ap hinge motion
using the same type of mechanism. The position of the droop
stop (extended/retracted) is governed by the pulling of cen-
trifugal force on a counterweight acting against a spring force.
When the centrifugal force pulling on the counterweight is less
than the spring force, the droop stop extends, as shown in Fig.
1, and the mechanism restrains the � ap hinge from rotating
past the droop stop angle. When the centrifugal force pulling
on the counterweight is greater than the spring force, the droop
stop rotates downward (retracts), which enables the blade to
� ap freely. In the analysis, the position of the droop stop dur-
ing rotor engage/disengage is determined by VDS.

The droop and � ap stop interactions with the blade are mod-
eled using a conditional rotational spring located at the � ap
hinge. While the droop stop is extended, the rotational spring
stiffness is zero for hinge angles greater than the droop stop
angle and large enough (Kb = 2.84 3 107 ft-lb/rad) to restrict
the � ap hinge rotation to less than 0.1 deg for hinge angles
equal to or below the droop stop angle. The strain energy for
the droop stop is expressed as

1 2­U = K (Dw9 2 w9 ) (5)DS 2 b DS

Taking the variation of this strain energy expression, the equa-
tion becomes

dU = K (Dw9 2 w9 )dDw9 (6)DS b DS

In addition, two situations must be modeled to ensure proper
physical behavior of the droop stop. During rotor engagement,
the blade may be in contact with the droop stop upon reaching
VDS; however, the droop stop cannot retract until the blade lifts
off of it. During rotor disengagement, the blade may be � apped
below the droop stop angle upon reaching VDS; however, the
droop stop cannot extend until the blade � aps above the droop
stop angle. In a similar manner, these situations also exist for
the � ap stop.

Reference 9 indicates that under certain wind conditions the
blade violently strikes the droop stop, causing a transfer of
system energy from kinetic to potential (strain). Preliminary
rotor engage simulations are performed investigating the pos-
sibility of reducing the blade de� ection by adding a rotational
damper acting at the � ap hinge. Flap dampers have been used
on early shipborne helicopters such as the HUP-1 through
HUP-4 series to reduce excessive blade � apping during low-
rotor speed operation,10 but are not in use on the H-46. The
� ap damper is assumed to extend/retract at the same rotor
speed as the droop and � ap stops and to act through the entire
angular range between the droop and � ap stops. The virtual
work performed on the blade because of the � ap damper is

dW = 2C Dw· 9dDw· 9 (7)FD b

Aerodynamic Modeling

The shipboard aerodynamic environment consists of ship-
roll motion effects on ambient winds and deterministic gust
distributions over the rotor disk. The ship is assumed to be
stationary with respect to the inertial coordinate system, except

for roll motion. The atmospheric winds relative to the ship are
uniform and are termed the relative wind-over-deck (WOD)
conditions de� ned by Vwod, cwod, and Vvert (Fig. 2).

Recall that ship motion effects on blade inertia forces were
assumed negligible; however, ship motion effects on blade air-
loads are included. Typical amplitudes and frequencies of the
six ship motions (surge, sway, heave, pitch, roll, and yaw) are
provided in Ref. 11. In higher sea states, pitch and roll motions
are indicated to be more dominant. The present research mod-
els ship-roll motion to remain consistent with Refs. 1­ 3. The
ship-roll motion aerodynamic model consists of the trans-
formed relative WOD conditions caused by the ship-roll angle
and a wind component at the hub height caused by the angular-
roll velocity (Fig. 2). Ship-roll motion is governed by sinu-
soidal variation of fs and can be expressed as

¯f = f sin(2pc /P) (8)s max

The roll angular velocity causes a lateral wind velocity at the
hub height given by

¯V = f h (2p/P)cos(2pc /P) (9)roll max cg
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Two gust models that simulate the air� ow over a ship’s � ight
deck subjected to a crosswind are explored in this analysis.
The � rst model, the linear gust developed in Ref. 2, is adopted
to explore the local wind variations over the rotor disk on the
blade response. This gust consists of an upward wind com-
ponent on the windward half of the rotor disk transitioning
linearly to a downward wind component on the leeward half
of the disk. The second model, the uniform gust detailed in
Ref. 7, is used to determine the effects of uniform vertical
winds on the blade response. This gust consists of a uniform
downward velocity across the rotor disk. In addition, each
model features a lateral wind component in the direction of
the relative WOD velocity. The wind velocity resulting from
either gust model can be expressed as

gust gust gust gustˆ ˆ ˆV = V I 1 V J 1 V K (10)x H y H z H

In the linear gust distribution the individual components are
de� ned as

gustV = V k cos(c ) (11a)x wod lat wod

gustV = 2V k sin(c ) (11b)y wod lat wod

gustV = V k x cos(c 2 p 1 c ) (11c)z wod vert wod

In the uniform gust distribution the individual components are
de� ned as

gustV = V cos(a )cos(c ) (12a)x wod w wod

gustV = 2V cos(a )sin(c ) (12b)y wod w wod

gustV = 2V sin(a ) (12c)z wod w

This analysis is able to predict both quasisteady and un-
steady aerodynamic loads and allows many different levels of
aerodynamic � delity. The quasisteady aerodynamics develop-
ment follows an unsteady thin airfoil theory development by
Johnson.12 This development includes the airloads caused from
virtual mass (noncirculatory) effects and allows for either lin-
ear or nonlinear predictions using Kirchhoff’s nonlinear sep-
aration model. The unsteady aerodynamic model used in this
analysis was developed by Leishman and Beddoes.13­ 15 This
time-domain approach includes attached � ow, unsteady trail-
ing-edge separation, and dynamic stall effects. The attached
� ow, unsteady model is based on an indicial response formu-
lation and predicts both circulatory and noncirculatory air-
loads. The unsteady trailing-edge separation model accounts
for trailing-edge separation, leading-edge pressure lags, and
unsteady boundary-layer effects. The dynamic stall model cal-
culates the additional lift and large downward pitching moment
created by the shedding vortex. Detailed descriptions of the
incorporation of both aerodynamic models into the present
analysis are given in Ref. 7.

Discretized Blade Equations of Motion

The generalized Hamilton’s principle, Eq. (2), is used to
formulate the blade equations of motion and the FEM is used
to discretize them. Each � exible element has seven degrees of
freedom and is cubic in � ap bending and quadratic in torsion.
The energy expressions are spatially discretized by substituting
shape functions into the elemental virtual energy expressions
and integrated in space using a six-point Gaussian quadrature
method. The elemental mass, damping, stiffness matrices, and
load vector are then assembled to form their global counter-
parts. The global discretized equation of motion becomes

Mq̈ 1 Cq· 1 Kq = Q (13)

The variations in strain energy for droop and � ap stop stiff-
nesses are in terms of discrete degrees of freedom that have

not been de� ned to this point. The � ap hinge angle can be
expressed as the difference between elemental degrees of free-
dom. The variation of strain energy because of droop stop
stiffness, Eq. (6), becomes

dU = d(w9) K [(w9) 2 (w9) 2 w9 ]DS a i b a i b i21 DS

2 d(w9) K [(w9) 2 (w9) 2 w9 ] (14)b i21 b a i b i2 1 DS

The expression for the variation in strain energy for � ap stop
stiffness is very similar to the one for the droop stop. The
motion dependent terms are added to K and the motion inde-
pendent terms are added to Q.

Analysis
In the previous section, the theory used to model the blade

structure and aerodynamic loads was discussed and the method
used to discretize the blade equations of motion was described.
Using these equations, three analyses, 1) an eigenanalysis, 2)
a transient response analysis, and 3) an engage/disengage en-
velope analysis can be performed. These analyses are inter-
dependent because the eigenanalysis is required for the tran-
sient response analysis and the transient response analysis is
used in the engage/disengage envelope analysis. An eigenanal-
ysis is used to determine the blade natural frequencies and
mode shapes, and the engage/disengage envelope analysis is a
tool used to determine the wind conditions for safe engage/
disengage sequences.

The blade transient response is calculated by integrating the
discretized blade equations of motion. Recall that the rotor
speed and blade azimuth are functions of time and are used in
the calculations of M, C, K, and Q, which must be recalculated
at every time step. The time integration is performed by a
fourth-order Runge­ Kutta scheme. The blade static de� ection
is used as the initial conditions for rotor run-up solutions. The
steady-state response at the operational rotor speed is used as
initial conditions for run-down solutions. Blade response can
be computed in either physical or modal space, but modal
space is recommended for computational ef� ciency.

Recall that a very stiff rotational spring is added to K to
freeze the hinge angle during blade contact with either the
droop or � ap stop. Blade de� ection during droop/� ap stop con-
tact is caused purely by elastic deformation with no rigid body
rotation at the hinge. Once the blade lifts/drops off the droop/
� ap stop, the rotational spring is removed from K. An articu-
lated rotor blade behaves in two distinct manners. When the
blade is in contact with the droop/� ap stop, it behaves like a
cantilevered beam. When the blade is not in contact with the
droop/� ap stop, it behaves like a hinged beam. Before a time-
integration begins, an eigenanalysis is performed to determine
the hinged and cantilevered modes of the blade. Two tech-
niques can be used to integrate the equations of motion in
modal space. In the � rst method, called modal swapping off,
only the hinged modes are used regardless of whether the
blade is in contact with the droop/� ap stop

F = F if Dw9 > w9 F = F if Dw9 # w9 (15)h DS h DS

More hinged modes are required to approximate the blade re-
sponse because they do not represent the purely elastic defor-
mation that occurs during a droop/� ap stop contact. In the
second method called modal swapping on, the appropriate set
of modes, either cantilevered or hinged, is used depending on
whether the blade is or is not in contact with the droop/� ap
stop

F = F if Dw9 > w9 F = F if Dw9 # w9 (16)h DS c DS

Fewer modes are required to approximate the blade response,
because the appropriate set of modes is always used. This
method also leads to the use of a larger time step.
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Fig. 4 Typical transient blade response for rotor: a) engagement
and b) disengagement.

Fig. 3 H-46 blade fan diagram.

Convergence studies are performed for a simulated H-46
rotor engagement to determine the lowest number of modes
and the largest time step necessary for an accurate solution.
The convergence study performed on the effects of time step
gives an indication of the time savings the modal swapping on
technique can provide. A converged solution performed in
physical space, with 69 degrees of freedom and a maximum
time step of 1 ms, required 105 h of CPU time. The same
simulation was performed in modal space and generated using
six modes (� ve � ap and one torsion). Using the modal swap-
ping off technique, a converged solution was generated with a
maximum time step of 10 ms and required only 2.4 h of CPU
time. Finally, using the modal swapping on technique, a con-
verged solution was generated with a maximum time step of
100 ms and required only 15 min of CPU time. This illustrates
the savings in time gained by employing the modal swapping
on technqiue.

H-46 Blade Model Validation
The H-46 Sea Knight is a three-bladed tandem rotor heli-

copter, but the present research only models a single rotor
blade of the aft rotor system, using 12 � nite elements. Further
details of the H-46 blade � nite element model are presented
in Ref. 7. The droop and � ap stop angles are 20.54 and 1.5
deg, respectively. During all rotor engage/disengage se-
quences, the collective is 3 deg, the longitudinal cyclic is 2.5
deg, and the lateral cyclic is 0.0693 deg. These control inputs
are termed the standard control inputs and are derived from
the auto cyclic trim settings used in actual H-46 operations.
The standard control inputs are used for all parametric studies
unless otherwise noted.

Proper stiffness and mass distributions are veri� ed by com-
paring the predicted static tip de� ection under the blade’s
weight to experimental data. Reference 8 provides the static
tip de� ection data of the blade clamped at the two-pin retention
and provides the same results from the FEM. The predicted
static tip de� ection of 15.3 in. is within 2.6% of the Boeing
test data average. A fan diagram is also developed to determine
how well the � nite element approach models the H-46 � ap and
torsion rotating natural frequencies. Figure 3 illustrates the � rst
four coupled � ap ­ torsion frequencies overlaid with test data
for the second through the fourth � ap modes from Ref. 7. The
� ap ­ torsion elastic analysis is in satisfactory agreement with
the blade data.

Parametric Studies
Typical Rotor Engagement and Disengagement

A typical rotor engagement and disengagement were simu-
lated using a linear gust model, with Vwod = 40 kn, kvert = 25%,

and cwod = 90 deg. The experimentally measured H-46 run-up
rotor and run-down rotor speed pro� les with a rotor brake
application at 55% of V0, both developed in Ref. 9, are used
in this analysis. Representative blade responses using these
rotor speed pro� les are shown in Fig. 4. Note for rotor en-
gagement, the tip de� ections decrease as the rotor speed in-
creases, and the maximum downward tip de� ection occurs at
approximately 7 s into the engagement. During rotor disen-
gagement, the blade de� ections steadily grow. Note that when
the rotor brake is applied, the tip de� ections grow more rapidly
and the maximum de� ection occurs within the last 2 s.

Gust Model Effects

The effects of a uniform gust and a linearly distributed gust
on the H-46 blade response during a rotor engagement are
examined. Both gusts consist of Vwod = 40 kn and approach
from cwod = 90 deg. For the uniform gust aw = 15 deg, whereas
for the linear gust kvert = 25%. The resulting tip and � ap hinge
angle responses are shown in Fig. 5. Note that for the uniform
gust, the aerodynamic forces cause the blade to reach its max-
imum downward tip de� ection almost immediately. In con-
trast, the blade response for the linear gust involves substantial
blade/droop stop interaction. Note that while the droop stop is
initially extended, the blade rises above the hub and then vi-
olently strikes the droop stop. The sudden halt of the � ap hinge
rotation indicates a transfer of system energy from kinetic to
potential (strain).

Importance of Torsion and Unsteady Aerodynamics
The purpose of this study is to determine whether higher

� delity models are required for accurate predictions of the tun-
nel strike phenomenon. Both � ap and � ap­ torsion structural
models are examined. For each structural model, both a non-
linear quasisteady aerodynamic model and a nonlinear un-
steady with dynamic stall aerodynamic model are utilized.
Negligible differences in the maximum tip de� ection between
both the aerodynamic and structural models were found using
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Fig. 5 Comparison of blade response characteristics for rotor
engagement in a) uniform and b) linear gusts.

Fig. 6 Comparison of structural and aerodynamic models for
rotor engagement in a linearly distributed gust.

Fig. 7 H-46 safe engage envelope with standard control inputs.

Fig. 8 H-46 safe engage envelope with standard control inputs
22-deg collective pitch.

the uniform gust model.7 Differences were found for the linear
gust model, and so the WOD conditions shown in this study
are a linear gust model with Vwod = 35, 45, and 55 kn, kvert =
25%, and cwod = 90 deg.

The results for the run-up case using the linearly distributed
gust model are shown in Fig. 6. Similar to the blade response
for the uniform gust, there are negligible differences between
both the aerodynamic and structural models at 35 and 45 kn,
but at 55 kn the differences in maximum downward tip de-
� ection between the aerodynamic models become more pro-
nounced. This study suggests that torsion is not required for
the uniform or linearly distributed gusts; however, a higher
� delity aerodynamic model may be required for spatially vary-
ing gusts at higher wind speeds.

Engage Envelope Study

The engage/disengage wind envelope analysis is used to de-
termine the engage envelopes for this study. This analysis de-
termines the blade-to-fuselage clearance for multiple wind-
over-deck conditions using the maximum downward tip
de� ection calculated from the blade transient response. The
safe engage region is composed of all wind-over-deck condi-
tions with blade-to-fuselage clearances greater than 8 in.

An H-46 baseline engagement envelope developed using
standard control inputs and a uniformly distributed gust with
aw = 15 deg is shown in Fig. 7. Note that the H-46 is limited
to wind speeds of 30 kn for port WOD conditions and is lim-
ited to 35 kn for most starboard WOD conditions. The pre-
dicted envelope shows safe engagements for wind speeds up
to 40 kn for WOD directions of 45­ 75 deg. Results of sen-
sitivity studies performed in Ref. 7 showed that control inputs
have a moderate effect on maximum downward tip de� ections.
The two following studies show the effect of 2-deg variations
in collective and cyclic path controls from the standard control
inputs.

The predicted H-46 engage envelope for a collective pitch
decrease of 2 deg from standard control inputs is shown in
Fig. 8. A comparison with the baseline engagement envelope
shows a 5-kn reduction in the safe engagement region for
WOD directions of 45­ 75 deg and 120­ 285 deg. This results
in a 14.5% reduction in the H-46 engagement capability. The
predicted H-46 engage envelope for a lateral cyclic pitch in-
crease of 2 deg from standard control inputs is shown in Fig.
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Fig. 9 H-46 safe engage envelope with standard control inputs
12-deg lateral cyclic.

Fig. 10 Droop stop angle effects on maximum downward tip de-
� ections

Fig. 11 Flap damping effects on the maximum downward tip
de� ection for various � ap stop angles.

9. Unlike the small decrease in wind speed over large portions
of the envelope for the collective pitch change, note the sub-
stantial reduction in engagement capability for port winds.
WOD speeds are reduced by 10­ 15 kn for WOD directions
from 120­ 150 deg and from 225­ 330 deg. There was a small
5-kn increase in the safe engage region for stern winds from
165 to 195 deg. This results in a 20.7% reduction in the safe-
engage region. These results illustrate that during engagements
in uniformly distributed winds, small changes in collective and
cyclic inputs can moderately effect the safe-engage region.

Droop Stop Angle Effects

It is obvious that decreasing the droop stop angle decreases
the static blade/fuselage clearance; however, the effects on the
dynamic response of the blade are more uncertain. Figure 10
shows the effects of droop stop angle variation on maximum
negative tip de� ection. In this study, the droop stop was in-
creased from 21.25 to 0 deg. Note that for the run-up case,
an increase in droop stop angle decreases the maximum tip
de� ection. The run-down case deviates from this trend for the
0-deg droop stop angle position. In this case, the blade did not
� ap upward suf� ciently enough for the droop stop to extend.
The effectiveness of droop stop rotation on the maximum neg-

ative tip de� ection is not very large for this WOD conditions.
Further studies of blade response to droop stop angle variation
are recommended for other WOD conditions. But this initial
study does not suggest that droop stop angle changes would
be an effective means to controlling the tunnel strike phenom-
enon caused by the delay in droop stop extension at higher
droop stop angles.

Flap Damping Study

In an effort to reduce the frequency of tunnel-strike occur-
rences, a preliminary investigation was conducted into the ef-
fectiveness of adding a rotational damper acting at the � ap
hinge of the H-46 to dissipate energy in the � apping degree
of freedom. Rotor engagements were simulated for a linear
gust with Vwod = 55 kn, kvert = 25%, and cwod = 90 deg. Pre-
liminary results for the current H-46 � ap and droop stop set-
tings, of 2.54 and 1.5 deg, respectively, indicated that the � ap
damper, regardless of its strength, was not effective in reducing
the blade de� ection because the angular range of motion was
too small. At very large damper strengths, the � ap damper
simply freezes the � ap hinge angle because the energy nec-
essary to rotate the highly damped hinge is much higher than
the energy necessary to deform the blade. Raising the � ap stop
angle permits the damper to act through a larger angular range
of motion and dissipate more energy. Combinations of � ap
stop settings from 1.5 to 10 deg and � ap damper strengths
ranging from zero to � ve times the H-46’s lead/lag damper
strength, or 17,500 ft-lb/(rad/s), were investigated as means of
reducing the blade de� ection.

The variation of the maximum negative tip de� ection during
each simulated engagement is shown in Fig. 11. Note with no
� ap damper a tunnel stike is predicted for every � ap stop set-
ting. At the current H-46 � ap stop setting, the strongest damper
reduces the maximum negative tip de� ection by only 5.8 in.
As the � ap stop settings are raised and the � ap damping in-
creased, the maximum negative tip de� ections decrease. For
� ap dampers greater than four times the lead/lag damper
strength, the tip de� ections increased because the blade was
prevented from � apping up at the beginning of the rotor en-
gagement.

Tip de� ection time histories for rotor engagement are pre-
sented in Fig. 12. Two � ap stop settings and � ap damper com-
binations are examined. The � apping behavior of the rotor
blade becomes excessive at both 2 and 6 s into the engagement
because it is both rotating into the WOD and experiencing a
strong up� ow from the speci� ed gust distribution. The maxi-
mum negative tip de� ection occurred 7 s after engagement in
both con� gurations. For a � ap damper four times the strength
of the lead/lag damper and a � ap stop setting of 10 deg,
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Fig. 12 Comparison of tip de� ection time histories with and
without � ap damping.

Fig. 13 Ship-motion effects on maximum tip de� ection for rotor
engagement.

enough energy is dissipated to prevent a tunnel strike in this
simulation.

In summary, a tradeoff exists between � ap damping and � ap
stop setting. With a low � ap stop setting, the blade does not
develop excessive potential energy because of excessive � ap-
ping; however, the � ap damper cannot dissipate much energy
when acting through such a small angle. At higher � ap stop
settings, the blade is allowed to develop extra potential energy
from increased � apping that is transferred to strain energy
upon droop stop contact; but the � ap damper can dissipate
more energy because it acts through a larger angle. Substantial
tip de� ection reductions occur only when the energy the � ap
damper dissipates becomes greater than the potential energy
developed by the blade in excessive � apping. For the current
H-46 � ap stop setting of 1.5 deg, this analysis suggests that
the tip de� ections cannot be substantially reduced using a � ap
damper. If the � ap stop is raised and a � ap damper four times
the strength of the lead/lag damper is employed, reductions of
40% of the maximum negative tip de� ection can result.

Ship Motion Effects

Several H-46 rotor engagements were simulated for com-
binations of ship-roll period, maximum roll amplitude, and
ship-roll starting position. The roll periods are 3 and 9 s and
maximum roll amplitudes are 5 and 10 deg. The ship motion
is � xed so that as the blade started during engagements, the
ship would be at a speci� c point in its roll motion. Four spe-
ci� c cases of roll motion are included: the ship at the maxi-
mum starboard (case 2) and port (case 4) roll angles, and the
ship passing through the zero angle rolling toward starboard
(case 1) and port (case 3) directions.

The effects of ship motion on the maximum negative tip
de� ections for rotor engagement are shown in Fig. 13. Note
for ship cases 1 and 3, the blade response is insensitive to
changes in period and maximum amplitude. For ship cases 2
and 4, the blade response is large to changes in amplitude,
which illustrates that it is very sensitive to the amount of in-
� ow through the rotor disk. For the same ship positions, tip
de� ections are insensitive to the roll period. The insensitivity
to roll period could be caused by the rotor speed pro� le. If the
acceleration of the rotor system (dependent upon the rotor
speed pro� le) is large compared to the ship motion, the blade
does not feel the effects of the ship motion.

Conclusions
An analysis tool has been developed to predict transient

aeroelastic rotor response during rotor engage/disengage se-
quences. This research is the � rst to address the effects of

torsion and unsteady aerodynamics on the transient rotor re-
sponse. In particular, this analysis is used to model the H-46
aft rotor system and parameters conducive to the tunnel-strike
phenomenon are identi� ed.

1) The predicted static tip de� ection and natural frquencies
in � ap of the H-46 blade model show excellent correlation with
experimental data.

2) Blade response characteristics are identi� ed during low
rotor speed regions of rotor run-up/run-down. One blade re-
sponse characteristic suggests that aerodynamic forces are the
main contributors to blade deformation while the other sug-
gests that a transfer of system energy from kinetic to potential
causes most of the blade deformation.

3) This study suggests that torsion is not required for rotor-
craft with small amounts of pitch­ � ap coupling. Also, a quasi-
steady aerodynamics model is suf� cient for lower wind speeds;
however, a higher � delity aerodynamic model may be required
for spatially varying gusts at higher wind speeds.

4) Under uniform WOD conditions, lateral cyclic and col-
lective controls are shown to have a moderate impact on safe
engagement envelopes.

5) The droop stop angle had a moderate effect on the tip
de� ections. This initial study does not suggest that droop stop
angle changes would be an effective means to controlling the
tunnel-strike phenomenon because of the delay in droop stop
extension at higher droop stop angles. Ultimately, the droop
stop could fail to extend, which would cause the blade to � ap
to the ground.

6) In the current � ap stop con� guration, a � ap damper would
not be effective in reducing the maximum downward tip de-
� ections because of the small allowable � ap hinge rotation.
The present research suggests that a � ap damper four times
the strength of the H-46 lead/lag damper may be effective if
the � ap stop angle is raised.

7) During rotor engagement, only the ship-roll start position
and amplitude had a large effect on maximum tip de� ections.
The largest tip de� ections occur when the ship starts its motion
tilted into or away from the wind for both small and moderate
maximum roll amplitudes. The ship-roll period had no effect
on maximum negative tip de� ections.
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