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Abstract 

This paper presents a study on the effect of wake mod
eling on the prediction of the off-axis response to pilot 
inputs for a hingeless and an articulated rotor helicopter, 
including a comparison with flight test data. The free 
wake model can capture geometry changes due to ma
neuvering flight. The prediction of the response to pilot 
inputs improves only slightly; in particular, the off-axis 
response is still predicted in the wrong direction. The 
effects due to wake geometry have the correct direction, 
but they are weak. Key discrepancies between simula
tion and test develop after less than one half rotor revo
lution following the maneuver, when body rates are neg
ligible and therefore the wake geometry has not changed 
appreciably. The mechanism causing these initial dis
crepancies remains unclear, and appears to be related 
to angular accelerations, rather than rates. If wake ge
ometry is important, a relaxation type free wake might 
not be appropriate, and an unsteady free wake may be 
necessary. 
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Vortex segment end points in discretized \vake 
Roll, pitch and yaw rates of the helicopter 
Position vector of a point on a vortex filament 
Helicopter velocity components along body 
axes 
Control vector 
Local velocity vector of a point 
External velocity vector at a point 
\Vake induced velocity vector at a point 
Free stream velocity vector 
Vector of trim variables 
State vector 
Angles of attack and sideslip of the fuselage 
Azimuthal discretization resolution 
Vortex filament discretization resolution 
Distance along vortex filament 
Collective pitch setting of the nutin and 
tail rotors 
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B1s, B1c Main rotor longitudinal and lateral cyclic 
pitch settings 

Bp, ¢F, 'i.fJF Pitch, roll and yaw attitudes of the helicopter 
.\o, .\1c, .\1s Main rotor dynamic inflow coefficients 
Aot Tail rotor inflow 
~ Vector of truncated Fourier series coefficients 
1f; Blade azimuth angle 

Introduction 

In recent years, the need for a reliable design of flight 
control systems has prompted interest in improving the 
accuracy of flight dynamics mathematical models of heli
copters. This has especially led to a more sophisticated 
modeling of the rotor system, both from the dynamic 
and the aerodynamic point of view. Particular attention 
has been given to one long standing problem in flight 
dynamic modeling, namely the prediction of the off-axis 
response to pilot input, and especially of pitch and roll 
cross-coupling. Until recently, the predictions of the off
axis response (e.g., the pitch response to a lateral cyclic 
pitch input) were inaccurate to the point of sometimes 
having the wrong sign, compared to the results of flight 
tests. The cause for the discrepancies has eluded the 
helicopter flight dynamics community for many years. 

The first major contribution to the understanding of 
the off-axis response problem has come from Rosen and 
Isser [1, 2], who have attributed the prediction errors 
to the incorrect modeling of the geometry of the main 
rotor wake during pitch and roll maneuvers. Pitch and 
roll motion reduce the spacing of the wake vortices on 
one side of the rotor disk, and increase it on the opposite 
side. This change in wake geometry modifies the inflow 
distribution at the rotor disk, causes changes in blade 
flapping, and in turn changes in pitch and roll moments. 
Taking into account these geometry changes through a 
specially developed prescribed wake model improved the 
prediction of cross-coupling pitch and roll derivatives for 
the UH-60 and the AH-64. 

Following Rosen and Isser's work, other investigators 
have developed simple inflow models that capture the in
fimv changes due to a maneuver through the use of cor
rection coefficients. Keller [3] and Arnold et al. [4] have 
developed an extended momentum theory that contains 
simple additional inflow terms proportional to pitch and 
roll rates. The additional terms contain correction co
efficients, the numerical values of which are determined 
based on a simplified vortex wake analysis. Significant 
improvements were obtained for the prediction of the 
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off-axis response of the UH-60. The traditional dynamic 
inflow model has been extended by Krothapalli et al. [5] 
to include pitch and roll motions. 

The wake geometry changes due to a maneuver have 
also been modeled by Basset [6, 7] using a dynamic vor
tex wake model. In this model the wake is represented by 
vortex rings; geometry and vorticity evolve dynamically 
as a function of rotor airloads and motion. Substantial 
improvements in the prediction of the hover off-axis re
sponse for the B0-105 were obtained. 

A completely different explanation for the discrep
ancies of off-axis predictions has been offered by von 
Gri.inhagen [8]. The agreement can be improved by in
cluding a "virtual inertia effect" associated with the swirl 
in the rotor wake. Tills results in simple correction terms 
that can be added to a dynamic inflow theory, and that 
improve considerably the off-axis predictions for a B0-
105. 

All the previous studies attempt to improve the cor
relation of off-axis response through refined theoretical 
models. A different approach has been proposed by 
Mansur and Tischler [9]. Corrected lift and drag coeffi
cients of the blade airfoils are obtained from the instan
taneous, baseline values through a first-order filter, the 
time constant of which is selected in terms of an equiv
alent aerodynamic phase lag. This phase lag is then de
termined from flight test data using system identification 
techniques. More recently, the phase lag has also been 
determined using the simulation model of Refs. [1, 2]. 

Finally, a free wake model that can capture the wake 
distortions due to pitch and roll rates has been recently 
developed by Bagai et al. [ll]. From the point of view 
of the present study, the most important feature of this 
wake model is that no a priori assumptions are required 
for t.he wake geometry. The geometry is determined by 
t.he convection of the vortex filaments in the induced ve
locity field, and takes rigorously into account the kine
matics of the maneuver. 

The main objectives of this paper are: 

1. To describe a refined flight dynamic simulation 
model, obtained by coupling a nonreal-time simu
lation model which includes rotor blade flexibility 
with the maneuvering free wake of Ref. [11]; and 

2. To present results obtained using the refined model 
for the hover response to pilot inputs, including 
comparisons with flight test data for the B0-105 
and the UH·60 helicopters. Special emphasis wit! 
be given to the prediction of the off-axis response. 

Brief Review of Flight Dynamics Model 

The flight dynamic model is described in detail 
Refs. [12], [13] and [14], and only a brief summary of 
the main features v,rill be presented here. The simulation 
model is based on a first-order non-linear state.space rep. 
rcsentation of the equations of rnotion. The rigid body 

dynamics of the helicopter is modeled using non-linear 
Euler equations. The aerodynamics of the fuselage and 
of the horizontal and vertical tail are taken into account 
in the form of lookup tables. These lookup tables are 
presented as a function of the angle of attack and an
gle of sideslip of the fuselage. Since they are obtained 
through wind tunnel tests, they are valid for a wide range 
of angles of attack and sideslip. Three Euler rate equa
tions are added which relate the derivatives of the Euler 
angles to the roll, pitch, and yaw rates of the helicopter. 
The rotor model describes the dynamics of each blade 
in flap, lag, and torsion. The blade equations are '"Tit
ten to take into account arbitrary hub motions and the 
blade elastic deformations need not be small (within the 
lim.it of the validity of the Euler angles used for fuselage 
dynamics). By combining the rigid body fuselage equa
tions with the blade dynamics equations, the result is 
a system of first-order coupled differential equations for 
the rotor and fuselage. \Vhen the free wake is not used, 
rotor wake dynamics is modeled using a three-state dy
namic inflow model [15J. A one state dynamic inflow 
model is used for the tail rotor. 

Drief Review Of Wake Model 

The free wake model coupled with the flight dynamics 
code is the Bagai-Leislnnan free wake model (Ref. [11]). 
The main characteristic of this free wake model from 
the point of view of a flight dynamics simulation is that 
it can model distortions of the wake geometry during a 
maneuver. The essence of the Leishman-Bagai free wake 
analysis is t.hat the rotor wake is discretized into anum
ber of straight line vortex segments. The ends of each of 
these vortex segments are called collocation points and 
the set of these points describes the geometry of the ro
tor wake. The number of straight line vortex segments 
used to model a vortex filament trailing behind each ro
tor blade is given by the vortex filament discretization 
resolution, .6.(, and the total length of the trailed vortex 
considered in the analysis. The total length of the trailed 
vortex filament is given by the number of rotor revolu
tions from the time that the filament was first generated 
and is a measure of the total wake age. 

The overall geometry of the free wake is characterized 
by the positions of the collocation points corresponding 
to a number of trailed vortex filaments, each of which is 
generated at a discrete azimuth angle. The spacing of 
the discrete azimuth angles around the rotor disk is con
stant and this spacing is called the azimuthal discretiza
tion resolution, !::::..1/;. It is not necessary in the free wake 
code for the azimuthal discretization resolution, b.. 'if;, to 
be equal to the vortex :filament discretization resolution, 
L(, but they are equal for this coupling with the flight 
dynamics code. The bound circulation is an input to the 
free wake code and is given at a number of radial blade 
segments at each azimuth angle considered. The number 
of blade segments is arbitrary; they do not have to be 
of equal length along the span. The bound circulation is 
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assumed to be constant over each individual blade seg
ment. It should be mentioned that the Leishrnan-Bagai 
free wake code used in this analysis has provision for 
rigid near-wake trailers to be released along the span of 
the blade, but the current analysis only makes use of the 
tip-vortex capability. 

The free wake model is characterized as a relaxation 
wake model. A model of this type is governed by the 
vorticity transport equation [16] 

(1) 

This equation states that a particle in the flow field is 
convected with the local velocity at that point. Here 
r('l/;, () is the position vector of the point on the vor
tex filament that was generated by a blade at the az
imuth angle, 1};, and is an azimuthal distance, (, behind 
the blade. V(r(.,P, ())is the local velocity vector at the 
point T('¢, (). This local velocity vector is the sum of the 
effects of the induced velocity resulting from the circula
tion of the wake vortices as well as the bound circulation 
from the rotor blades, plus any free stream and maneu
ver contributions. The velocity is given by[16] 

Here V00 is the free stream velocity which is uniform over 
the entire flo\',.·-field. Ve( r( w. ()) is an external velocity 
profile that results from outside influences such as gusts 
and maneuvers. This external velocity profile is a func
tion of the position of the point as the velocity profile is 
generally not uniform through the flow field, as in pitch 
and roll rate maneuvers. 

The calculation of the wake geometry is performed 
using a pseudo--implicit predictor-corrector numerical 
method (Ref. [16]). An iterative process is involved in 
calculating the rotor wake geometry for a given bound 
circulation distribution. An initial wake geometry is 
used to start the iterative process. \.Yith each itera
tion the geometry of the free wake is changed according 
to the pseudo--implicit predictor-corrector equations so a 
new wake geometry is generated. The convergence cri
teria for the wake geometry is based on the L2 norm of 
the change in wake geometry between successive itera
tions. The root mean square (RM S) change in the wake 
structure is calculated using [16]: 

RMS= 
1 

Jmaxkmax \ 
(3) 

where Jmax is the number of blade azimuthal steps in one 
revolution and kmax is the number of collocation points 
used to describe each of the trailed vortex filaments. 

In the free -..vake model, the wake geometry iterative 
process is started using an undistorted helical wake. The 

RM S change in the wake geometry on the first iter
ation is used as the basis of the convergence criteria. 
The wake geometry is considered converged when the 
ratio of the RM S change for the current iteration to the 
RM S change of the first iteration falls below a certain 
threshold[16]: 

(RMS)n 
< > (RMS), 

(4) 

where (RMS)n is the RMS change in wake geometry 
of the nth iteration, (RM S), is the RM S change of the 
first iteration and E is the threshold for convergence. 

The assumption is made in the analysis for this paper 
that the tip vortex release point is at the blade tip. The 
initial strength of the vortex released from the blade at 
a particular azimuth angle is equal to the value of the 
maximum bound circulation along the blade at that az
imuth angle. There is provision in the free wake code to 
have the tip vortex released from the point of maximum 
bound vorticity or the centroid of vorticity, but neither 
of these options is exercised in the present study. 

Finally, the converged wake is used to calculate the lo
cal induced velocity at specified points along the blades 
and around the azimuth. These local velocities only con
tain contributions from the bound and wake circulations 
and represent only the induced velocity, Vind(r(.,P, ()) 
from Eq. 2. The free stream and maneuver velocity con
tributions are included internally in the flight dynamics 
code. 

Incorporation of free wake calculations in trim 
procedure 

The basic trim procedure used in this study is essen~ 
tially the same as that described in Refs. [17] and 112]. 
This is a coupled rotor-fuselage trim procedure for a he
licopter in a coordinated steady turn. For a given he
licopter configuration the flight condition is defined by 
the velocity V along the trajectory, the flight path an
gle;, and the turn rate ?j;. Straight horizontal flight is 
treated as a special case with zero turn rate and flight 
path angle. 

The vector X of unknowns of the baseline trim proce
dure is 

Xtrim = [Bo B1c B1s Bot o:p f3F Bp <PF 
96 9L 9is qic q~s · · · 9~c q~s · · · 
.. q~ q~ q~ q2c q~ .. · q:c q~ (5) 

Ao A1c A1s Aat] 

Therefore, the unknowns of the baseline trim procedure 
include the collective pitch Bo, lateral and longitudinal 
cyclic pitch B1c and B1s, and tail rotor collective Bat; the 
angles of attack o:p and sideslip f3F of the fuselage; and 
the pitch and roll Euler angles eF and <PF of the fuse
lage. As in Ref. [17], a modal coordinate transformation 
is performed to reduce the number of degrees of freedom 
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of the blade model. The generalized coordinates for each 
flap, lag, or torsion mode are expanded in a truncated 
Fourier series, and the coefficients of the expansions be
come unknowns of the trim problem. \Vith reference to 
Eq. (6), q~ is the constant coefficient in the expansion for 
the k-th blade mode, and qjc and qjs are respectively the 
coefficients of the j-th harmonic cosine and sine for the 
k- th mode. All the results obtained in the present paper 
were obtained with just one flap mode; three harmonics 
were retained in the expansion of the modal coefficient. 
Therefore, the modeling of the steady-state position of 
the blade required seven trim unknowns in the vector X, 
for a total of 19 trim variables. 

The trim problem is defined by a set of coupled nonlin
ear algebraic equations [17, 18] that enforce three force 
and three moment equilibrium along and about the air
craft body axes; three kinematic relationships between 
roll, pitch and yaw rates and turn rate; one equation en
forcing turn coordination; and one kinematic condition 
on the flight path angle. 

At this point, it is important to discuss the differ
ences between the dynan1ic inflow and free wake models 
with respect to trim. For the three-state dynamic inflow 
model considered in this paper, there are three additional 
trim variables added to the trim vector. The induced ve
locity at any point of the rotor disk is calculated using 
the dynamic inflow equation, 

where .\0 represents the uniform component and .\1c and 
A1s represent the linear variation in inflow in the longi
tudinal and lateral directions over the rotor disk. Thus 
using the dynamic inflow model, the inflow is calculated 
for a given blade azimuth angle, 1/J, and radial station, r. 

The free wake model does not introduce any additional 
trim variables into the trim vector as the dynamic inflow 
model docs. Thus the total number of trim variables 
is lower when the free wake model is used in favor of 
the dynamic inflow model. \Vith the inclusion of the 
free wake model, the inflow is calculated using the Biot
Savart law from the geometry and circulation character
istics of the free wake, as well as the bound circulation 
distribution {16]. Using the Biot-Savart equation, the in
flow can be calculated at any point in the flow field and 
used in the flight dynamics code. 

The inputs to the free wake code include: the advance 
ratio; the distribution of bound circulation; the displace~ 
ments of the blades (both rigid and elastic); the tip vor
tex release points and initial strengths; and the angles of 
attack and sideslip at the rotor hub. The bound circu~ 
lation at a particular blade station and azimuth angle is 
calculated in the flight dynamics code from the following 
equation: 

(7) 

where r is the bound circulation per unit span, CL is the 
local lift coefficient, V is the local velocity and c is the 
local blade chord. The lift coefficient is formulated using 
quasi-steady aerodynamics and is obtained from look-up 
tables for a given angle of attack and Mach number. 

The blade displacement distribution is given by 

NM 
w(r,,&) =) q>(il(r).;<iJ(,&) (8) 

where N M is the number of normal modes, qP> is the 
ith normal mode, ~(i) is the modal coefficient for the 
ith mode at a given azimuth angle and w(r, 'if;) is the 
deflection of the blade section at a given azimuth angle 
and blade radial station. Using the deflection, w, the 
position of the point in the hub fixed axis system is cal
culated. The hub fixed axis system is used by the free 
wake code for the wake calculations. The flight dynam
ics code supplies a table of blade section positions where 
the bound circulation is calculated and where the inflow 
is to be calculated by the free wake code. 

The tip vortex release points and initial vortex 
strengths are also supplied to the free wake code. In 
the current analysis, the tip vortices are released at the 
blade tip. The initial strength of the tip vortex at a given 
azimuth angle is assumed to be the maximum value of 
the bound circulation at that particular azimuth angle. 

The advance ratio and angles of attack and sideslip 
at. the hub are used in the free wake code to calculate 
the free stream velocity, Vco, in Eq. (2). The pitch and 
roll rates are used in the free wake code to calculate the 
external velocity profile, Ve(f'(1,b, ()),applied to the rotor 
wake. The inclusion of the free wake model in the trim 
procedure involves an iterative process on the bound cir
culation distribution from the flight dynamics code and 
the inflow distribution from the free wake code. The 
blade displacements are not an explicit part of this iter
ation since they are calculated from the normal modes 
and the modal coefficients and do not depend directly 
on the inflow or the bound circulation distributions. 

The circulation-inflow iteration is started in the flight 
dynamics code by assuming an initial inflow distribution. 
This inflow is used in the flight dynamics code aerody
namic model to calculate the blade aerodynamic loading, 
including the bound circulation distribution over the ro
tor disk. This bound circulation is fed into the free 
wake code that produces the inflow distribution when 
the wake has converged. This inflow is then used in 
the flight dynamics code to calculate the bound circula
tion distribution to continue the iterative process. This 
inflow-circulation iteration is considered converged when 
the change in L2 norm between successive iterations falls 
below a certain threshold. 

The first time the free wake is run the st.arting wake 
geometry is an undistorted helical wake structure. How
ever, each additional time the free wake code is run the 
initial wake geometry is the final geometry from the 
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( previous run. Thus the original convergence criteria, 
Eq. {4), which is based on the first geometry change, 
is not appropriate here since the starting wake geometry 
will be different each time. The new free wake conver
gence criteria uses the RM S change in the wake geom
etry for the current iteration, but without the normal
ization of the RM S change on the first iteration. The 
\vake geometry is considered converged when the R.M S 
change falls below a certain threshold, as follows: 

E > (RMS)n (9) 

The trim procedure with the free wake model included 
is characterized by three nested loops as follows: 

• The outermost loop involves the iterative process of 
solving the system of coupled non-linear algebraic 
equations. This is done through the application of 
a standard non-linear equation solver. This solver 
first calculates a finite difference approximation to 
the Jacobian matrix and then iterates on the trim 
vector, Xtrirn, to find the trim solution. 

• The second iterative loop is on the circulation and 
inflow distributions that has already been described. 
Each step of the iteration involves running the free 
wake code. The result of this loop is a cOnverged 
inflow distribution that is used in the aerodynamic 
portions of the trim equations. 

o The innermost loop is the iteration on the tip vortex 
geometries in the free wake code. The result of this 
loop is a converged wake that is used to calculate 
the inflow distribution. 

Results 

The results presented in this section refer to two he
licopters, namely the Eurocopter B0-105 and the Siko
rsky UH-60, both with the flight control system turned 
off (bare airframe configuration). The B0-105 has a sin
gle main rotor with a hingeless sort in-plane main rotor 
configuration. This hingeless configuration results in a 
high relative hinge offset of about 14%, which produces 
a high control power and bandwidth, making the heli
copter highly maneuverable. This high relative hinge 
offset also contributes to high cross couplings between 
the longitudinal and lateral-directional dynamics of the 
helicopter. The UH-60 has an articulated rotor with a 
hinge offset of 4.7%, and relatively lower pitch-roll cross
couplings. 

All the results are obtained with one main rotor blade 
mode, which is the first flap mode resulting from the fi
nite element analysis. For the B0-105 this is the first 
elastic flap mode, for the UH-60 it is the rigid body flap 
mode. Four finite elements are used in the calculation 
of this flap mode. The blade mass and stiffness distribu
tions are listed in the code through lookup tables. 

The present paper shows a selection of representative 
results. A complete set, also including trim, poles, and 
frequency responses will be presented in Ref. [19]. 

This section presents the results of a free flight simula
tion, carried out in hover. The results obtained with the 
baseline model, denoted in the plots with the "Dynamic 
inflow', legend, and the free wake model are compared 
with flight test results. The lateral cyclic input used is 
shown in Figure 1. Roll rate and pitch rate responses 
following the pitch input are shown in Figures 2 and 3 
respectively. The on-axis response in roll tends to be un
derpredicted by the baseline model, and overpredicted 
when the free wake model is used. The agreement is 
slightly better for the free wake case, but both models 
reproduce the main features of the response. The off-axis 
response, in pitch, shows that the inability of the baseline 
model to predict the correct sign of the response remains 
even after the introduction of the free wake model. 

The plots in Figures 2 and 3 show a vertical line at 
about 0.85 sec. This line marks the end of the second 
rotor revolution following the pitch input, and also the 
time at which some of the highest values of roll and pitch 
rates are reached. Any effect on wake geometry should 
be most visible at this time. Recall that in the simula
tion of a given rotor revolution the inflow distribution is 
that obtained from the previous revolution. No signifi
cant differences bet\veen the baseline and the free wake 
models appear until the third rotor revolution, when the 
free wake calculations show a more nose-down pitching 
moment than predicted by the baseline model. However, 
this effect is too small and occurs too late to improve the 
correlation with the flight test data. \Vhatever physical 
mechanisms cause the off-axis response of the helicopter 
to be nose-down appear to be activated within the first 
quarter or half of the rotor revolution during which the 
pitch control is applied. In this brief period of time no 
significant roll and pitch rates have had time to develop. 
This suggests two conclusions. The first is that the initial 
off-axis response is driven by roll or pitch accelerations 
rather than rates. The second is that the phenomenon 
is intrinsically unsteady, and therefore it cannot be cap
tured by a relaxation type trailed wake model like that 
used in this study. This, even if the wake includes a 
rigorous, consistent model of geometry changes during a 
maneuver, and even if the maneuver itself is slow enough 
that a quasi-steady wake model would appear at first 
glance to be reasonable. 

Figures 4 and 5 show respectively a rear and side view 
of the wake geometry during the third rotor revolution 
following the application of the lateral cyclic input. This 
geometry has been calculated by freezing all the states, 
and in particular the pitch and roll rate, at the value they 
had at the end of the second rotor revolution, which is 
marked by the vertical line in Figures 2 and 3. The roll 
and pitch rates are of about 12 degjsec and 3 deg/sec 
respectively. The dashed lines in Figures 4 and 5 show 
the geometry of a hypothetical wake for which all the 
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parameters are the same as for the baseline, except for 
roll and pitch rates, which are set to zero. This second, 
':artificial" wake lacks all the effects associated with p 
and q, including the stretching and compressing of the 
trailed vortices on opposite sides of the disk due to the 
maneuver. The two wakes are very nearly identical, and 
so is the corresponding inflow distribution at the rotor 
disk, shown in Figures 6 and 7 for the true and the ''ar
tificial'' wake respectively. This indicates that the abso
lute changes in wake geometry due to the maneuver are 
very small, which is not surprising considering that the 
values of roll and pitch rates are themselves quite small. 
The effects on the inflow of the changes in wake geome
try due to the maneuver can be assessed by subtracting 
the inflow distribution of Figure 7 from that of Figures6. 
The resulting "perturbation" is shown in Figure 8. The 
effect of the wake geometry changes due to the maneu
ver is to create a downward inflow perturbation on the 
starboard side and an upward perturbation on the port 
side. This translates into lower angles of attack, lower 
lift, and lower flapping moments on the starboard side; 
the reverse is true on the port side. Because the ro
tor flap reaction is delayed by about 90 degrees, this in 
turn translates into an increase in longitudinal flapping. 
The conclusion is that in this case the changes in wake 
geometry due to the maneuver tend to increase the nose
down pitching moment acting on the helicopter. This is 
exactly the trend required to improve off-axis response 
correlation with flight test data, as Figure 3 indicates, 
but the magnitude of the effect is too small. 

As previously mentioned, the inflow used in a given 
rotor revolution is that corresponding to the motion of 
blades and aircraft at the end of the previous revolution. 
This could potentially introduce artificial time delays. 
Therefore, the response was recalculated using the fol
lowing modified update strategy. For a given rotor revo
lution, the integration is first carried out as before, that 
is, with the inflow corresponding to the motion at the 
end of the previous revolution. At the end of the current 
revolution the inflow is calculated, and with this inflow 
the integration is repeated over the same revolution. The 
inflow at the end of this second integration is then used 
for the next revolution, which is also repeated twice, and 
so on. This modified, "predictor-corrector-like', proce
dure obviously requires twice the computational effort of 
the baseline procedure, but it was explored to determine 
whether reducing the artificial time delay introduced by 
the baseline procedure would improve the correlation. 
The pitch rate response to lateral cyclic with the two 
different wake update procedures is shown in Figure 9. 
The plot clearly indicates that the wake update strategy 
has a negligible effect on the quality of the correlation. 

The same type of coupled response, i.e., the pitch rate 
response to a step input of lateral cyclic, was also studied 
for the Sikorsky UH-60, which is equipped with an ar
ticulated rotor system. The pitch rate and the roll rate 
response in hover are shown respectively in Figure 10 

and 10. Compared with the B0-105, the behavior of the 
predictions is markedly different. 

For the first four rotor revolutions, corresponding to 
about 1 second following the maneuver, there is excel
lent agreement between predictions and flight test data. 
In particular, the model with the free wake predicts cor
rectly the nose-down initial response, whereas the model 
with dynamic inflow predicts a nose-up response. The 
quality of the free wake predictions, however, rapidly de
teriorates as time increases. This may be caused at least 
in part by the overprediction of the roll rate, i.e., of the 
on-axis response that is clearly visible in Figure 10. The 
on-axis roll frequency response plots, shown in Figure 12 
show that the free wake model overpredicts the magni
tude for all frequencies below 4-5 rad/sec. 

The reason for the overprediction is not entirely clear. 
To explore whether the lack of dynamics in the free wake 
model could be a significant factor, the dynamic inflow 
model was implemented in the form 

k[M],\ + [K]>. = C (I 0) 

that is, by adding a constant k that multiplies the inflow 
derivative terms. This modification is simply a nonrig
orous way to reduce the effect of the dynamic terms. 
Setting k = 0 would have completely eliminated inflow 
dynamics, but it would have turned the inflow equation, 
Eq. (10), into a set of algebraic equations, and the over
all coupled rotor-fuselage equations into a mixed system 
of differential-algebraic equations, that the code is not 
currently equipped to handle. Therefore, a small value 
fork was used. The predictions for the roll rate response 
are shown in Figure 13: reducing inflow dynamics moves 
the predictions closer to that of the free wake. It should 
be kept in mind that the free-wake is being used here in 
a way that violates one of its underlying assumptions, 
namely that the flight condition be steady. Therefore, 
the use of a fully unsteady free wake model is likely to 
improve the correlation with flight test data for this case. 

Summary and Conclusions 

This paper has presented the results of a study on the 
effect of wake modeling on the prediction of the off-axis 
response to pilot inputs for a hingeless and an articu
lated rotor helicopter in hover. The helicopter model 
includes blade flexibility and a detailed description of 
fuselage and empennage configuration. The wake model 
is a relaxation type free wake, capable of modeling the 
geometry changes due to maneuvers. The theoretical 
predictions were compared with flight test results. The 
main conclusions of the present study are the following: 

1. For the B0-105, the use of a free wake model im
proves only slightly the prediction of the free flight 
response to pilot inputs; in particular, the off-axis 
response is still predicted in the wrong direction, 
i.e., nose-up instead of nose-down for the specific 
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( maneuver considered in the study. The effects due 
to the change of wake geometry during the maneu
ver ate clearly visible, and are in the direction ob
served by other researchers with different wake rep
resentations. However, the magnitude of these ef
fects is smalL They can be considered contributors 
to the off-axis behavior of the helicopter, but not 
the primary driver. 

2. The effects due to wake geometry changes become 
evident two-three rotor revolutions after the initi
ation of the maneuver. At that time, the actual 
response as observed in the flight tests has already 
diverged and has the opposite sign from the pre
dictions. Indt:.'Cd, these discrepancies develop after 
about one quarter or one half of the first rotor rev
olution following the maneuver, when the roll and 
pitch rates are negligibly small and therefore have 
not had time to cause appreciable changes in wake 
geometry. The mechanisms causing these initial dis
crepancies remain not fully understood. They ap
pear to be related to pitch and roll accelerations, 
rather than rates. 

3. The mechanisms that determine off-axis behavior 
seem to be especially strong over the initial por
tion of the first rotor revolution. If wake geometry 
plays a significant role, it is possible that a relax
ation type, trailed free wake may not be a suitable 
wake model, and that a truly unsteady free wake 
model may be necessary. The addition of a shed 
wake model or, equivalently, of an unsteady aero
dynamic model for the airfoil characteristics should 
also be explored. 

4. The previous conclusions concerning the off-axis re
spon.'3e predictions refer to the B0-105, for which 
the control cross-coupling effects are known to be 
substantial, and the off-axis rates are larger and de
velop more quickly than in mauy articulated rotor 
helicopters. 

5. The initial off-axis response to lateral cyclic for the 
UH-60 is in excellent agreement with the flight test 
data. In particular, the error in the sign of the re
sponBe is eliminated. The agreement deteriorates 
as titne increases, probably because of the overpre
diction of the on-axis, i.e., roll rate response. A 
probable reason for the overprcdiction in this case 
is the lack of dynamics in the free wake model, which 
assurnes steady conditions. 
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