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Figure 1: Smoke flow visualization of a rotor operating
in the VRS, showing the characteristic recirculation of the
flow in the rotor plane.

I ntroduction

While the accurate prediction of rotor flow fields is dif-
ficult under most flight conditions, the prediction of the
wake dynamics during descending flight has proven to be
a particularly challenging problem for the analyst. This is
partly because of blade vortex interaction (BVI) and a gen-
eral susceptibility to unsteadiness and aperiodicity of the
rotor wake structure. Under conditions where the upward
component of velocity normal to the rotor disk plane is a
substantial fraction of the average induced velocity down-
ward through the rotor disk, such as when descending at
high rates or steep angles, the rotor can encounter an ad-
verse condition known as the vortex ring state (VRS). Un-
der VRS conditions, the wake vorticity produced by the
blades cannot convect away from the rotor and accumu-
lates near the rotor plane, clumping or bundling together
and producing large, aperiodic airloads. In aerodynamic
terms, the onset of the VRS is associated with the collapse
of the orderly structure of the rotor wake into a highly dis-
turbed, irregular, recirculating flow.

A representative example of the complex topology of
the flow surrounding a steeply descending helicopter rotor
operating in the VRS is shown in Fig. 1, which is taken
from the work of Drees & Hendal (Ref. 1). This smoke
flow visualization image was taken by illuminating a cross-
section through the rotor wake. Deeply into the VRS, the
flow near the rotor resembles that of a three-dimensional
bluff body operating at low Reynolds numbers, and there
is clear evidence of separation and unsteady recirculation
of the flow near the rotor.

When a helicopter enters the VRS, it experiences sig-
nificant rotor thrust fluctuations and an increase in average
rotor shaft torque (power required). Power must be applied
to overcome the high aerodynamic losses associated with
the rotor operating inside its own recirculating wake. Most
helicopters have minimal excess power available at low air-
speeds, so these losses usually manifest themselves as an
uncommanded increase in descent rate. This behaviour of
the helicopter is referred to by pilots as “power settling” or

“settling with power,” and adversely affects flight safety
(Ref. 2). The rotor thrust fluctuations in the VRS lead
to low-frequency vertical accelerations of the helicopter,
and the associated blade flapping can lead to a substan-
tial reduction of control effectiveness and thus to high pi-
lot workload. While operation in the VRS is obviously
undesirable, it can be entered inadvertently through poor
piloting technique.

Recently, there has been renewed interest in understand-
ing and predicting the flow mechanisms that lead to the on-
set of the VRS, both for helicopters and for other rotating-
wing aircraft such as tiltrotors. For traditional helicopters
with low disk loading, the region of the flight envelope af-
fected by the VRS is generally small, and has not overly
constrained practical operations. However, it has been sug-
gested (Refs. 3-6) that modern helicopters and tiltrotors,
with their very much higher disk loadings, may be suscep-
tible to the VRS over a greater proportion of their low-
speed flight envelope. Furthermore, modern military ro-
torcraft are required to fly a wide range of manoeuvres at
low airspeed, including rapid pull-ups, which can increase
the upward component of velocity through the disk and
may bring the rotor(s) closer to the VRS (Ref. 6). The be-
haviour of side-by-side configurations, such as tiltrotors, at
high rates of descent has come under particular scrutiny be-
cause the VRS may be encountered more severely on one
rotor compared to the other (Refs. 5-7), possibly requiring
large asymmetric loads to be overcome by the aircraft’s
control system.

The highly nonlinear physics of the VRS is further com-
plicated by the likelihood of flow separation and blade
stall on more highly loaded rotors during descending flight.
This can occur because of the higher aerodynamic angles
of attack produced on the inboard parts of the blades dur-
ing descent, or, when in the VRS, the blades chop through
the accumulations of vorticity engulfing the rotor (Ref. 6).
Flight tests (Ref. 8) show that in partial power descent
near the VRS the rotor can operate without evidence of
blade stall and at relatively low power, but that another
state can be reached at the same airspeed and rate of de-
scent where the rotor requires much higher power because
of blade stall. This observation suggests that, in addition
to the nonlinear behaviour of the wake within the VRS,
nonlinearity in the aerodynamics of the blades also plays
an important role in governing helicopter behaviour in the
VRS.

The results of the present paper confirm that the suscep-
tibility to wake breakdown, and the potential onset of the
VRS, depends on several factors that are a consequence
of the rotor configuration as well as of its operating state.
In particular, it is suggested that, in addition to the disk
loading effects mentioned above, the high levels of blade
twist inherent in modern helicopter rotor and tiltrotor de-
signs may expand the VRS regime to a wider range of op-
erational descent velocities and to higher forward speeds
than is the case for rotors with more lightly-twisted blades.
Furthermore, numerical calculations show changes in ro-
tor behaviour, once rotor wake breakdown has occurred,
which result from the introduction of high blade twist.
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Previous Wor k

Experimental work is fundamental to understanding the
VRS, but instrumented flight tests with helicopters oper-
ating in the VRS are sparse, mainly because it is a diffi-
cult flight condition in which to sustain equilibrium flight.
The flight tests of Scheiman (Ref. 8) revealed the highly
unsteady blade loads and high rotor power requirements
that characterize flight in the VRS. Other flight tests have
revealed that geometrically similar helicopters may ex-
hibit different handling characteristics when flown in the
VRS (Refs. 9, 10) for no clearly understood reasons. As-
suming sufficient altitude is available, flight tests show that
recovery from the VRS is usually attained quickly by the
application of cyclic control inputs to increase the in-plane
component of velocity at the rotor, thus sweeping the re-
circulating wake away from the rotor disk.

Several researchers have studied the VRS using rotors
under more controlled laboratory conditions (Refs. 1, 7,
11-15). The work of Drees & Hendal (Ref. 1) contains the
most comprehensive flow visualization of the VRS to date.
Washizu et al. (Ref. 12) have made extensive quantita-
tive measurements of rotor performance (thrust and power)
when operating in the VRS. Their data includes measure-
ments under VRS conditions with the rotor in inclined de-
scending flight. Yaggy & Mort (Ref. 13) have shown that
the unsteady airloads produced in the VRS depend on ro-
tor disk loading, confirming the nonlinearity of the aerody-
namic behaviour of the rotor in the VRS. Recently, Betz-
ina (Ref. 7) has conducted experiments in descending flight
conditions with a relatively highly loaded rotor representa-
tive of that used on a tiltrotor.

Various inconsistencies between these experimental
studies suggest that a deeper look into the physics of
the VRS is required. The relatively sparse experimen-
tal work on the VRS has thus far been paralleled by
limited modelling efforts, in the first instance by using
forms of momentum theory or semi-empirical extensions
thereof (Refs. 3, 4, 16-18). A limitation with the momen-
tum theory is that it cannot strictly be applied in the VRS
because of the ambiguity in defining a control volume over
which to apply the governing equations (Ref. 19). Also, it
does not provide any indication of the effects of rotor geo-
metric parameters (number of blades, rotor solidity, blade
planform or blade twist etc.) or rotor configuration (con-
ventional, side-by-side, tandem, overlapping etc.) on the
physics of the VRS. This is a significant deficiency that
must be treated by more advanced mathematical models.
Nevertheless, despite its fundamental limitations, experi-
ence has shown that momentum theory (with empirical
guidance) can provide a good level of engineering capabil-
ity in establishing the bounds of the likely VRS envelope
for single rotors (Ref. 3).

It has been suggested (Refs. 5, 6) that the physics behind
the onset of the VRS is related to the susceptibility of the
rotor wake vortices to Kelvin wave-type instability. The
growth of Kelvin waves to appreciable amplitudes may
be the precursor to the nonlinear growth mechanism that
eventually leads to rotor wake breakdown in the VRS. The

problem of wake stability has been examined under various
operating conditions using a linearized, eigenvalue analy-
sis of the rate of growth of perturbations to the vortical
structure of the rotor wake (Ref. 5). The stability analysis
suggests that the helicopter rotor wake is inherently unsta-
ble in most flight regimes, including in hover, and shows
that increasing the rate of descent makes the wake more
prone to instability. Interestingly, blade twist adversely af-
fects the stability of the wake through its effect on the in-
duced velocity distribution near the rotor.

The results described in the following sections confirm
that the location of the boundary of the VRS depends on
a tradeoff between various wake parameters that are influ-
enced by the geometry of the rotor blades. In addition,
the level of the fluctuations of operating parameters, such
as thrust and torque, experienced by the rotor within the
VRS appears to be sensitive to the level of twist used on
the rotor blades. Blade twist has two effects. Firstly, the
overall distribution of induced velocity at the rotor is sen-
sitive to blade twist. Secondly, blade twist affects the lo-
cal sectional lift coefficients on the rotor. For high blade
twist, the local lift coefficients may become large enough
for the inboard sections of the rotor to stall. The effects of
flow separation may be significant even at low thrust coef-
ficients, but at high thrust coefficients where the rotor may
be stalled over a more appreciable fraction of its area, ro-
tors with and without significant blade twist show marked
differences in their behaviour under VRS conditions.

Numerical M ethodology

Engineering M odel

Newman et al. (Ref. 3) have developed an engineering
model for predicting the location of the VRS boundary for
a single-rotor helicopter. The model relies on the obser-
vation, mentioned earlier, that all helicopter wakes are in-
herently unstable and thus that disturbances in the vortex
structure laid down by the rotor blades will grow as the
wake is convected downstream of the rotor. The engineer-
ing model is based on a heuristic explanation for the onset
of VRS conditions in terms of the rate of growth of these
disturbances relative to the rate at which the growing dis-
turbances are convected downstream of the rotor. The rate
of growth of the disturbances is proportional to the strength
of the wake vorticity, and hence to the rotor thrust. The rate
of convection of the disturbances downstream into the ro-
tor wake is governed by the induced velocity as well as the
forward speed and descent rate of the rotor.

For most combinations of descent rate and forward
speed, disturbances to the rotor wake generally grow to
appreciable magnitudes far enough downstream from the
rotor for them to have negligible effect on blade airloads
and rotor response. On the other hand, if the rate of con-
vection in the wake is small enough so that disturbances
grow to appreciable magnitudes close to the rotor, then
the unsteadiness associated with these wake structures will
have a more appreciable effect. The situation is exacer-
bated by the coupling between the production of perturba-
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tions in the wake structure and any unsteadiness induced
in the blade airloads by interactions with the wake. In fact,
it is likely that this feedback is at the heart of the nonlinear
growth mechanism that leads to the eventual breakdown
of the wake in the VRS. The engineering model visualizes
the rotor as entering the VRS under certain combinations
of forward speed and descent rate as the rotor is engulfed
within the physical products of the wake instability. Inde-
pendent calculations using CFD-based (Ref. 3) and free-
vortex wake (Refs. 5, 6) approaches to modelling the un-
steady aerodynamics of the rotor wake clearly support this
hypothesized mechanism for the onset of the VRS.

Mathematically, the engineering model relies on con-
ventional actuator disk theory to define a critical rate of
transport T, of the products of the wake instability into
the wake downstream of the rotor. At this critical rate of
transport, the rotor wake breaks down yielding the VRS.
Expressing this critical rate in terms of the free-stream ve-
locity components [, and T, and the mean induced velocity

i at the rotor disk gives

Wy = (Ki)?+ (A + i) @)

where the overbars indicate that the various velocity com-
ponents have been scaled by the hover induced velocity,
An. Using this scaling, pairs (fi,,[,) satisfying this rela-
tionship define a boundary for the onset of the VRS that
is universal, in the sense that it applies to isolated rotors
operating over a wide range of thrust coefficients.

This simple model gives reasonably good general agree-
ment with previously published experimental studies of the
VRS boundary, as shown in Ref. 3. One of its most im-
portant predictions is that rotors with higher disk loadings
should become susceptible to the VRS at higher forward
speeds, and over a broader range of descent rates, com-
pared to rotors with low disk loading. An empirical value
of 0.65 for the parameter k can be supported analytically
by considering the relative effectiveness of the in-plane
and out-of-plane velocity components at the rotor disk in
transporting the vortical products of the wake instability
away from the rotor (Ref. 4). On the other hand, the value
of Ty can, at present, be determined only by comparison
with experimental data, or from the predictions of numer-
ical methods that track the wake vorticity in a fully time-
accurate manner.

As to be expected from a model that has its foundations
in the classical momentum theory for rotors, the principal
limitation of this model is that it cannot predict the effects
of changes in the details of the rotor design, such as the
level of blade twist, taper, or changes in aerofoil properties
along the length of the blades. The new results shown in
the present paper suggest that this momentum-based theory
could (and should) be extended with guidance from more
advanced numerical models to enable routine engineering
predictions of the factors that influence the onset of the
VRS.

Wake Stability Theory

A full understanding of the flow conditions that cause the
wake of the rotor to collapse into the disordered, recircu-
lating flow that is characteristic of the VRS is key to un-
derstanding the onset of the phenomenon. Insight into the
mechanism of collapse, and into the effect of details of the
rotor design, can be obtained from a linear analysis of the
rate of growth of perturbations applied to a range of equi-
librium wake structures.

It is a fundamental property of incompressible, irrota-
tional fluids that any embedded vorticity will be freely con-
vected by the surrounding fluid. The motion of any wake
element is then governed by the simple advection equation

dr

dt
where r is the position of a point on the vortex wake, rg is
the initial position of the point, and V(r) is the local fluid
velocity.

Eigenvalue analysis of the stability of the wake begins
by obtaining a basic equilibrium solution for the rotor wake
geometry, for instance by solving Eq. 2 using a free-vortex
method (Refs. 5, 20, 21). The equilibrium solution is then
perturbed by a small quantity &r. The evolution equation
for the perturbed wake geometry r + &r is then

d(r +8r)
dt

If the equilibrium equation (Eq. 2) is subtracted from Eq. 3
and the higher-order terms in or are neglected, the lin-
earized evolution equation

d(dr)
dt
for the wake perturbation or is obtained.
Any arbitrary small perturbation to the wake can be rep-

resented as a series of normal modes. In cylindrical coor-
dinates, the perturbation modes have the form

V(r), r(0)=ro )

= V/(r +3r) ®)

= 8V(3r) ()

org
{5[‘ } = 590
520

eC(t+i(A)Z (5)

where a is the growth rate and w is the wave number of the
mode; that is, the perturbation wave has w cycles for each
rotor revolution. Equation 4 can then be solved for each
perturbation mode at any given point on the wake, say P.
After some manipulation, the solution can be reduced to
the standard eigenvalue form

ap{dr},—[M]p{dr},=0 (6)
The eigenvalues ap give the growth rate of the perturbation
mode {dr }, at point P. A positive eigenvalue corresponds
to an unstable mode.

It has been shown using this approach (Ref. 5) that the
stability of the rotor wake depends on both the rotor ge-
ometric configuration (i.e., number of blades, blade twist,
number and placement of rotors, etc.) as well as the operat-
ing state of the rotor (i.e., thrust and rate of descent). While
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a linearized stability analysis allows rigorous examination
of the factors that determine the onset of wake instability,
like the engineering model described earlier, it cannot pro-
vide a means of predicting what happens after the wake
has become unstable. The non-linear evolution of the un-
stable wake must be tracked using numerical methods that
model the dynamics of the wake vorticity in a fully time-
accurate manner. Later in this paper, results from two such
approaches, namely the Vorticity Transport Model (VTM)
and the Free Vortex Model (FVM), are presented.

Vorticity Transport Model (VTM)

The most fundamental representation of the wake of the
rotor is as a time-dependent vorticity distribution in the re-
gion of space surrounding the rotor. If V is the flow ve-
locity, then the associated vorticity distribution w= 0 x V
evolves according to the unsteady vorticity transport equa-
tion

%uﬁV-Dw— w-OvV=S @)

This equation can be derived from the Navier-Stokes equa-
tions under the assumptions of incompressibility and in the
limit of vanishing viscosity (Ref. 23), and shows the rotor
wake to arise as a vorticity source S associated with the
generation of aerodynamic loads on the rotor blades. The
differential form

0V =-0xw (8)

of the Biot-Savart relationship relates the velocity at any
point near the rotor to the vorticity distribution in the flow,
and hence allows the geometry and strength of the rotor
wake to feed back into the aerodynamic loading and blade
response.

The Vorticity Transport Model (VTM) developed by
Brown (Ref. 23) employs a direct computational solution
of Eq. 7 to calculate the evolution of the wake of the heli-
copter. The model is capable of representing blade-wake
interactions, as well as the wake-wake interactions that
lead to the growth, coalescence and rupture of vortical
structures in the rotor wake, and thus embodies a high level
of physical realism. The VTM is coupled into the blade dy-
namic simulation of the rotor by using the loads generated
by the rotor aerodynamic model to construct S in terms of
both the shed and trailed vorticity from the blades.

After casting the equations on a structured Eulerian
computational grid surrounding the rotor, Eq. 8 is solved
by cyclic reduction (Ref. 24), while Eq. 7 is marched
through time using Toro’s Weighted Average Flux algo-
rithm (Ref. 25). Most CFD-type approaches currently in
use suffer excessively from numerical dissipation of vorti-
cal structures in the rotor wake. This renders them effec-
tively useless for VRS calculations where the recirculating
nature of the flow causes vortical structures to persist near
the rotor for very long times. The advantage of using the
Weighted Average Flux algorithm to calculate the evolu-
tion of Eq. 7 is that very tight control can be maintained
over the rate of dissipation of vorticity in the wake, and so
vortical structures retain their strength and geometry even

though their interactions with the rotor may continue over
many rotor revolutions.

Although the VTM provides a very complete model
for the evolution of the structure of the rotor wake under
VRS conditions, it is computationally expensive for rou-
tine parametric studies of the detailed effects of blade de-
sign on the behaviour of the rotor in the VRS. For these
purposes, computational methods that trade some resolu-
tion of the detail of the rotor wake against improved com-
putational efficiency must be used. One successful such
method is the Free-Vortex Model (FVM).

Free-Vortex Model (FVM)

The FVM uses a Lagrangian description of the flow. Dis-
crete line vortices are used to represent the structure of
the rotor wake, and, as described previously, the motion
of markers attached to these lines is described by Eq. 2.
In a typical application of the FVM, markers are placed at
equal intervals of time along vortex filaments trailed from
the rotor blades, and are linked together using a piecewise-
linear reconstruction. In a blade fixed coordinate system,
Eqg. 2 becomes the partial differential equation

a_r + a_r — w (9)
oy aC Q
where @ is the azimuthal location of the blade, and ¢
is the age of the vortex marker relative to the blade az-
imuth when it originated. The left-hand side of Eq. 9
is an advection equation with a temporal direction g and
a spatial direction {. The numerical solution of Eg. 9
proceeds by time-marching after the partial derivatives
have been approximated using finite differences. Because
most standard numerical integration schemes exhibit some
type of non-physical instability if used to advance Eq. 9,
special integration schemes must be developed to pre-
serve both the temporal accuracy and the stability of the
method (Ref. 26). The present approach uses Bhagwat &
Leishman’s PC2B scheme, which has a five-point central
difference approximation to the spatial ({) derivatives, and
a three-point second-order backward difference approxi-
mation to the temporal () derivatives. The PC2B scheme
is specially designed to introduce truncation terms that
are dissipative, so balancing and stabilizing the governing
equations for the wake while retaining its overall second
order accuracy. The velocity field V is evaluated by apply-
ing the Biot-Savart law to all the vorticity being shed and
trailed from the blades, and for straight-line segmentation
this approach is spatially second-order accurate (Ref. 27).

Interpretation of Calculations

Before proceeding to the results of calculations of the
VRS performed using the numerical models just described,
some remarks on the limitations of their interpretation are
in order. The computational models attempt to provide
time-accurate descriptions of a highly-unstable, nonlinear,
time-dependent flow that, especially under incipient VRS
conditions, takes significant time to develop fully. It is
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inevitable under these circumstances that divergences in
detail will emerge relatively rapidly in the predictions of
computational models as a result of even very small differ-
ences in their construction, let alone as a result of the large
differences in the approaches taken by the VTM and the
FVM.

In particular, small changes in modelling assumptions
or initial conditions may result in significantly different in-
stantaneous patterns of flow development, such as revealed
in the snapshots of the wake structure presented in the next
section, and thus in the detailed time-histories of the loads
experienced by the rotors. Overly direct comparison of the
predictions of the VTM and the F\VM on the basis of a lim-
ited number of data points is extremely risky, and, for this
reason, the analysis of the results presented in the follow-
ing sections focuses on exposing the global (and, hence,
hopefully, model-independent) characteristics of the VRS
that are predicted by both computational models.

Finally, because of the computational demands of time-
accurate calculations, the results presented in this article
are based on accelerated flight conditions in an effort to
cover a broad range of flight conditions in a single calcula-
tion. As will be discussed more fully later in this paper, it
is possible that, under these circumstances, effects induced
by the flight path of the rotor and the time delays in the
development of the wake could introduce significant varia-
tions in the rotor and wake behaviour from those observed
under quasi-steady flight conditions.

Results & Discussion

Linearized Wake Stability Analysis

Insight into the susceptibility of the wake to instability, and
hence to the factors influencing the onset of the VRS, can
be obtained from a linear analysis of the rate of growth
of perturbations to the wake, as outlined earlier. Fig-
ure 2 shows results for a four-bladed rotor operating at
constant thrust in axial flight over a range of climb or de-
scent speeds. The equilibrium wake structures, on which
the results of this section are based, were obtained using
the FVM. In particular, the equilibrium structure of the
wake was approximated by the converged geometry of the
trajectories of the blade-tip vortices alone. In each case,
the blade loading was kept constant at Ct /o = 0.075 to
yield results for wakes with nominally the same tip vortex
strengths. The results suggest the rotor wake to be inher-
ently unstable in all cases. The fastest-growing perturba-
tions to the wake structure are associated with disturbances
with wave numbers equal to half-integer multiples of the
number of blades.

Figure 2 shows the expected decrease in wake stability
that results from the reduction in the helicoidal spacing be-
tween the vortex filaments in the rotor wake as the descent
rate of the rotor is increased. Notice too that the descend-
ing rotor exhibits a substantial increase in the growth rate
of disturbances with higher wave numbers when compared
to the same rotor in hover. This implies an increased sus-
ceptibility to wake instability triggered by small-scale dis-

turbances in the flow, and suggests that the onset of the
VRS may be triggered by BVI at the rotor or by atmo-
spheric turbulence rather than by larger-scale disturbances
in the surrounding flow. This fact may prove to be an im-
portant impediment to the achievement of converged and
reliable numerical predictions for the onset of the VRS.
An important factor affecting wake stability is the distri-
bution of thrust along the length of the rotor blades. This
is governed primarily by blade twist, and, to a lesser ex-
tent, by blade planform. The thrust distribution affects the
induced velocity at the blades and the distribution of the in-
duced velocity in the far wake. The axial settling rate of the
tip vortices in the far wake (which is essentially the wake
helicoidal spacing for a fixed number of blades) increases
with the square-root of rotor thrust, but is also affected by
the rotor thrust distribution along the rotor blades. This is
because increasing (nose-down) blade twist progressively
off-loads the tip region, reducing the induced velocity there
and decreasing the velocity at which the wake vorticity is
convected away from the rotor. It is also known that the ef-
fect of blade twist on the axial settling rate becomes more
significant for rotors that operate at high disk loadings.
The general effect of blade twist on the stability of the
wake is shown in Fig. 3. Results are given for four-bladed
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Figure 2: Effect of climb or descent velocity on the maxi-
mum non-dimensional wake perturbation growth rates for
a 4-bladed rotor.
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Figure 3: Maximum non-dimensional wake perturbation
growth rates for a 4-bladed rotor operating at constant
thrust but with different linear blade twist rates.
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rotors operating at the same disk loading but having vari-
ous linear blade twist rates. The divergence rates are nor-
malised by the tip vortex strengths in order to emphasise
the geometric effects of twist rate. When compared on this
basis, rotors with high nose-down blade twist are found to
be more prone to wake instability compared to rotors with
low blade twist. In fact, as twist increases, the tip vor-
tex strength reduces slightly, reducing the tendency for the
wake of the twisted blade to instability, but rotor blades of
unconventionally high twist emerge from the analysis with
a noticeable tendency toward early wake breakdown when
compared with more conventionally twisted rotor blades.
Results obtained using the time-accurate numerical meth-
ods described earlier will now be presented to explore these
ideas further.

Rotor Thrust and Torque Response

The thrust and torque generated by a three-bladed rotor in
trimmed descent along a flight path passing through the
VRS have been calculated using both the VTM and the
FVM. The selection of flight cases presented in this sec-
tion acknowledges the fact that pilots encounter the VRS
more commonly when the helicopter is descending with a
component of forward velocity.

Results, plotted against the descent velocity of the rotor
(scaled by the hover induced velocity given by momentum
theory), are shown in Fig. 4. Two cases are shown: in the
first case, the blades have a linear twist of 8° to be repre-
sentative of historical helicopter design practice, while in
the second case the blades have a much higher twist of 35°.
In both cases, the rotor was maintained on a 65° glideslope
and given a vertical acceleration dfi,/dt = —0.03 per rotor
revolution. The consequences of adopting an accelerated
flight path through the VRS, albeit even at a very low rate,
will be discussed later in this paper. In both cases the col-
lective and cyclic pitch settings on the rotor were continu-
ally adjusted to maintain a nominally constant thrust coef-
ficient of 0.00362 and approximately zero cyclic flapping
with respect to the rotor shaft.

For the rotor with moderately twisted blades, the VTM
predicts a regime of moderate thrust fluctuations at very
low descent rates to precede a sudden increase in inten-
sity at a descent rate [, ~ 0.5. Similar calculations show
the thrust generated by the rotor with highly twisted blades
to be quiescent until a moderate descent rate is attained.
In contrast, the FVM predicts the thrust generated by the
rotor with moderately twisted blades to be quiescent until
moderate descent rates are attained, while similar calcu-
lations for the rotor with highly twisted blades predict in-
tense thrust fluctuations to begin almost as soon as the rotor
begins to descend. The maximum amplitude of the thrust
fluctuations predicted by the VTM is about 15% of the
mean thrust of the rotor, and the signal consists of a strong
vibratory component (at greater than 1/rev) superimposed
on an erratic thrust variation at frequencies low enough to
affect the flight dynamics of the rotorcraft. For the rotor
with highly twisted blades, the FVM predicts thrust fluc-
tuations with similar amplitude to those predicted by the

(a) Vorticity Transport Method
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Figure 4: Predicted thrust perturbations and torque coeffi-
cients for an isolated rotor, Ct = 0.0036, on an accelerated
65° glideslope passing through the VRS.

VTM, but fluctuations with significantly lower amplitude
are predicted for the rotor with moderately twisted blades.
Notice also that the two numerical methods predict sig-
nificantly different ranges of descent rate over which the
thrust fluctuations persist, once established, for the two ro-
tors with different twist rates.

If the onset of the thrust fluctuations experienced by the
rotors is interpreted in an overly simplistic way to indicate
directly the onset of VRS conditions, then the results pre-
sented here appear to contradict each other, and, indeed, to
contradict the predictions of the linear stability analysis of
the rotor wake presented earlier. It can be argued though
that the content of the thrust signal at frequencies higher
than 1/rev is not an essential component of the VRS. It is
common piloting knowledge that a high vibrational com-
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Figure 5: Thrust perturbations for an isolated rotor, nomi-
nal Cr = 0.0036, 6w = —35°, predicted by the VTM along
an accelerated 70° glideslope passing through the VRS. (a)
Thrust perturbation (%), (b) Filtered thrust, and (c) Stan-
dard deviation of thrust.

ponent to the thrust response of the rotor may be encoun-
tered under a wide range of descent conditions that are not
usually considered to be within the VRS. These thrust fluc-
tuations usually result from localized BV events as the ro-
tor wake is forced up against (or even through) the rotor
disk. This can occur without the wake necessarily being
subject to incipient VRS. On the other hand, the presence
of low-frequency variability in the thrust generated by the
rotor should be a much more reliable indicator of the on-
set of the VRS since this is most likely associated with the
erratic motions of the collapsed rotor flowfield.

Figure 5 shows the thrust response of the rotor after fil-
tering to remove all frequency components at greater than
1/rev. This figure exposes the low-frequency variability
of the rotor thrust response that is found over the rela-
tively narrow band of descent rates usually associated with
the VRS. Some illumination on the character of the non-
linear growth mechanism implicated in the breakdown of
the rotor wake in the VRS can also be gleaned from the
thrust data presented here. Weak nonlinearity in conjunc-
tion with the postulated initiation mechanism in terms of
the growth of linearly unstable perturbations to the wake
structure would manifest in a plot of thrust coefficient ver-
sus descent rate as a gradual onset of VRS-like conditions
as the vortical structures produced by the onset of wake in-
stability gradually reached the rotor. This situation would
imply that the location of the VRS onset boundary could
be defined in an essentially arbitrary manner, for instance
simply by selecting an appropriate threshold value for per-
turbations to the thrust coefficient. In Fig. 5(c) the standard
deviation from the mean of the filtered thrust signal, sam-
pled on a moving time-window two rotor revolutions wide,
is plotted against the rotor descent rate. The sharp-edged
plateau-like appearance of the thrust response processed in

this way is significant, and supports the idea that the onset
of VRS is not gradual, but is associated with a catastrophic,
or at least a very sudden, loss of stability in the rotor wake.
Previous numerical simulations have shown (Refs. 3, 5, 6)
that the onset of VRS in axial flight is associated with a
highly nonlinear axial symmetry-breaking transition in the
wake, but in the inclined descent case presented here, the
situation must necessarily be more complex.

Figure 6 shows a re-analysis of the thrust variations pre-
dicted by the VTM and the FVM using the windowed stan-
dard deviation of the thrust signal to determine the onset of
the VRS. Note that the data has been scaled to account for
the difference in the amplitude of the thrust variations pre-
dicted by the two methods. This scaling has no effect on
the outcome of the analysis if the onset of the VRS is iden-
tified simply by the descent rate at which a sharp rise in the
amplitude of the standard deviation of the thrust signal is
observed. Using this measure, the agreement between the
descent rates predicted by the VTM and the FVM for the
onset of the VRS is striking, particularly in the calculations
for the rotor with moderate twist. The calculations for the
rotor with high twist, on the other hand, show just how
complicated the rotor’s behaviour in descending flight can
be. Comparison with the predictions of the VTM shows
that the second peak in the FVVM-generated signal (i.e. the
peak at higher descent rate) is most likely the one to be
correctly associated with the VRS. The earlier peak in the
signal could quite conceivably be a feature of very strong
BVI on the rotor as descent is initiated.

It remains to explain the discrepancies in the predicted
duration, once established, of VRS conditions on the rotor
as the descent rate is increased. Valuable insight into the
differences in rotor behaviour predicted by the two models,
and also into the effects of blade twist on the behaviour of
the rotor in the VRS, can be obtained by correlation of the
observed thrust response with the behaviour of the flow
in the wake of the rotor. Figure 7 shows representative
contour plots of the vorticity magnitude predicted by the
VTM for the 65° descent case described above. The flow
in a longitudinal plane passing through the rotor shaft is
shown. These plots represent a snapshot of the wake struc-
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Figure 6: Standard deviation of the thrust perturbations
for an isolated rotor, nominal Cy = 0.0036, along an
accelerated 65° glideslope passing through the VRS. (a)
etw =-8° (b) etw =—-35°
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Figure 7: Vorticity distributions in a longitudinal plane
surrounding the rotor as predicted by the VTM in descend-
ing flight when i, = —0.8 and Cy = 0.00362: (a) 6w =
—8°, (b) 6w = —35°.
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Figure 8: Side view of wake geometry and intersections of
vortex filaments in a longitudinal plane (wake boundary)
as predicted by the FVM in descending flight when I, =
—0.8 and Ct = 0.00362: (a) 6w = —8°, (b) By = —35°.

ture with the rotor deeply in the VRS, at a descent rate
1, = —0.8. Figure 8 shows the corresponding wake struc-
tures generated by the FVM and locates the positions of
the wake filaments as they intersect the same longitudinal
plane (indicated in Figure 8 as the “‘wake boundary’).

While the VTM and the FVM predict very clear differ-
ences in the structure of the wake under VRS conditions,
it is apparent in all cases that the methods do predict the
accumulation of vorticity near the plane of the rotor that
has been shown (see Fig. 1) to be a characteristic feature
of the wake’s geometry in the VRS. Also apparent in the
calculations is the strong recirculation of ambient vorticity
through the rotor disk. The results from the VTM suggest
that, for the particular flight trajectory represented here,
some of this vorticity originates from earlier passage of the
rotor through its own wake.

Some of the differences in the predictions made by the
VTM and the FVM can be attributed to the different levels
of fidelity inherent in the two models. In the case of the
VTM, the vorticity in the wake originates from the shed
and trailed vorticity generated along the entire length of
each of the rotor blades. The FVM tracks only the vortic-
ity trailed from the blade tips. It is apparent from Fig. 7

that significant vorticity is generated by the blade root and
hub region; this feature of the flow is simply not captured
by the FVM. It is known that the geometry of the wake
observed at any particular instant while in the VRS is ex-
tremely sensitive to the detailed history of its prior evolu-
tion (an issue to be discussed more fully later in this paper).
It is plausible that the dynamics of the wake vorticity orig-
inating from the portions of the blade inboard of the tip
could thus have a very strong effect on the evolution of the
wake leading up to and through the VRS.

Further evidence of the importance of the vorticity origi-
nating from the inboard sections of the rotor blades in gov-
erning the behaviour of the rotor in the VRS is provided
by the absence of a consistent dependence on twist rate in
the plots of torque coefficient against descent rate shown in
Fig. 4. It is known that the location and relative size of the
regions on the rotor in which power is either consumed or
absorbed is very strongly governed by blade twist, but also
by the details of the inflow distribution over the rotor disk.
The inflow distribution is, of course, strongly governed by
the distribution of vorticity in the near wake. Noteworthy
in this figure is the dependence of the rate of descent that
the rotor would adopt in autorotation (with Cq ~ 0) on the
twist of the rotor blades. Note too the sudden decrease
in the slope of the variation of torque coefficient with de-
scent rate which is predicted by the FVM to occur, for the
rotor with highly twisted blades, at a descent rate slightly
greater than that adopted by the rotor in autorotation. This
indicates the onset of rotor stall —a subject that is discussed
more fully in a later section of this paper.

The most interesting feature, though, of the comparison
between the wake structures generated by the two numeri-
cal models is that both the VTM and the FVM predict the
wake structure generated by the rotor with highly twisted
blades to be significantly different to that generated by the
rotor with moderately twisted blades, even when examined
under exactly the same flight conditions. Clearly, the de-
tails of the loading distribution along the rotor blades, and
the associated distribution of vorticity that is created in the
rotor wake, must play a strong role in governing the pre-
cise dynamics of the rotor wake, and hence the unstable
growth of disturbances in the rotor wake and its eventual
breakdown into the VRS. The loading distribution on the
blades is, of course, strongly governed by their twist.

Vortex Ring Envelope

The time-accurate VTM or FVM models can be used to
map out the regions of the flight envelope where the ro-
tor might be prone to entering the VRS. Knowledge of the
location of the onset boundary of the VRS can be impor-
tant for several operational reasons, including the fact that
at low airspeeds it may be necessary for the rotorcraft to
pass through the VRS, albeit briefly, to enter into equilib-
rium autorotational flight. The onset boundary of the VRS
can be identified, for example, by sequentially mapping out
combinations of rotor operating conditions such as flight
path angle, descent velocity or forward speed where the ro-
tor experiences high fluctuations in thrust, shaft torque or
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Figure 9: Vortex ring onset for an isolated rotor as pre-
dicted by the VTM: (a) Byw = —8°, (b) 6w = —35°.

blade flapping. This strategy is typically adopted in wind
tunnel experiments or flight test. However, in flight tests
there may be considerable uncertainties in this process, in-
cluding those induced by piloting difficulties in maintain-
ing equilibrium flight at or near to the VRS, the possible
existence of non-unique operating states, and also a depen-
dence (as will be discussed later) on the manner in which
the VRS flight condition is approached.

In Fig. 9, the windowed standard deviation of the fil-
tered thrust response of the rotor is used as an indicator
of the onset of the VRS. In the figure, the standard devi-
ation of the thrust signal predicted by the VTM is plotted
for a range of descent angles between 0° and 90° with the
rotor operating at a nominal thrust coefficient of 0.00362.
The largest circles denote flight states within the VRS as
indicated by the windowed standard deviation of the rotor
thrust response exceeding a threshold of 2% of the nominal
operating thrust coefficient of the rotor. Differences in the
shape, extent and positioning of the VRS on the diagram of
descent rate versus forward speed are apparent for the two
rotors with differing blade twist. While the VTM predicts
the onset of the VRS to occur at slightly higher rates of de-
scent for the the rotor with the more highly twisted blades,
it is significant to note, in the context of the linear stabil-
ity analysis of the rotor wake, that the rotor with highly
twisted blades is susceptible to the VRS over a much larger
range of conditions than the rotor with moderately twisted
blades.

The onset boundary of the VRS predicted by the simple
engineering model (when the VRS is approached by in-

creasing the descent rate of the rotor) is shown in Fig. 9 by
plotting the low—I, branch of solutions to Eq. 1. The value
Pw = 0.76 used to generate this boundary was previously
established (Ref. 3) by comparison with published exper-
imental data, principally for rotors with low to moderate
blade twist. Not unsurprisingly, the numerical data for the
onset of VRS for the rotor with moderately-twisted blades
agrees well with the results of the engineering model.
When the presence of VRS effects is judged by the same
measure for the rotor with highly-twisted blades, however,
somewhat different results are produced, with a general
widening of the envelope where VRS might be expected to
occur. This effect cannot be incorporated into the engineer-
ing model by a simple change in parameters that remains
consistent with the physical basis of the model. Yet, the re-
sults presented here suggest that an extension of the model,
using both the VTM and the FVM for guidance in its con-
struction, should be well capable of taking the effects of
blade twist into account.

To meet this goal, two points are important to bear in
mind. The first is that the engineering model is based on
classical momentum theory, and so requires a well-defined
stream tube to exist in the wake of the rotor. For this reason
the model is strictly invalid within the VRS, and so can-
not yield insight into the eventual cessation of VRS effects
as the descent rate of the rotor is further increased. The
second important point is that, because the numerical data
used to construct the diagrams is obtained under acceler-
ated flight conditions, the numerically-reconstructed onset
boundary for the VRS represented here is an approxima-
tion to the boundary that would be obtained under more
generally-applicable conditions of constant descent rate.
It was shown in previous numerical simulations (Ref. 3)
that accelerated flight conditions (admittedly at very much
higher rates than used in the present calculations) could
suppress the onset of VRS to the extent that, at very high
accelerations, the rotor could be forced through a sequence
of transient states so quickly that no vortex ring state could
be discerned from the thrust response of the rotor. Further,
the imposition of certain accelerated manoeuvres, such as
sharp pull-ups, have been shown (Ref. 6) to cause the rotor
to encounter the symptoms of VRS at combinations of de-
scent rate and airspeed where the VRS would not normally
be expected.

Indeed, a complication in fully understanding the highly
nonlinear flow physics of the VRS, and in predicting the
VRS flight boundaries, is that the onset of the VRS ap-
pears to be flight path dependent. In other words, the flow
conditions and transient airloads produced on the rotor in
the VRS depend on the both the initial rotor operating con-
ditions and on the manner in which the VRS is approached.
Furthermore, subsequently reversing the combination of
airspeed and rate of descent back to the initial flight con-
dition may not yield the same time-history of the airloads
— there is a hysteresis effect. The situation is illustrated
in Fig. 10. As an example, increasing the rate of descent
at a constant airspeed (as along path AC in Fig. 10) may
not give the same wake dynamics and rotor airloads when
point C is finally reached as if the same flight condition
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Figure 10: Dependence on flight path may determine the
final aerodynamic operating conditions of the rotor when
operating near VRS.

is approached by changing the airspeed at a constant rate
of descent (as along path BC in Fig. 10). This type of be-
haviour is seen in the flight test data of Scheiman (Ref. 8),
and has been noted by Varnes et al. (Ref. 2) but without
explanation. With minimal extrapolation, the observed de-
pendence of the rotor behaviour, at any particular instant,
on the flight states it has experienced in its past could ex-
plain why it is possible, as postulated earlier, for the rotor
to reach more than one final (but nominally equilibrium)
flow state at any particular combination of descent rate and
forward speed.

In many cases, however, the behaviour of the rotor (for
instance at point C) may evolve towards essentially a single
state, independently of the initial condition of the rotor, if
the flight conditions are maintained for a sufficiently long
time after reaching the final operating point. Yet, because
of the inherently long time lags associated with adjust-
ments within the rotor flow field, the final state of the rotor
may take many rotor revolutions to develop. This is usually
not the case for flight conditions sufficiently far away from
the VRS boundary, for instance when the path A’B’ shown
in Fig. 10 is followed. Inthis case, the final flow conditions
at point B” would be expected to be essentially independent
of the path taken to reach it. However, different flow condi-
tions may be expected when following paths A’C’, A’DC’
or A’EC’. From a computational perspective, these effects
may manifest themselves as a strong dependence of the de-
tails of the predicted rotor loads and wake geometry on the
fidelity of the computational model, as postulated earlier in
this paper. While a fuller discussion of these effects is out-
side the scope of the present article, it is important to ap-
preciate that, issues of model fidelity notwithstanding, the
sensitivity of the rotor behaviour to initial conditions, and
the presence of aerodynamic effects which are dependent
on the path, rate, and acceleration of the rotor, complicate
significantly the complete understanding and prediction of
rotor behaviour in the VRS. These issues must carry over
to any attempts to determine VRS boundaries from wind
tunnel measurements, and especially from flight tests.
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Figure 11: Representative spanwise distributions of local
lift coefficients for a rotor in an incipient VRS condition
showing evidence of stall inboard on the blades.

Role of Blade Stall in VRS

Earlier it was shown that, under incipient VRS conditions
and within the VRS itself, the rotor produces notable fluc-
tuations in loading as the blades chop through concentra-
tions of vorticity near the rotor. In fact, in the VRS, it
is quite common to find evidence in the numerical calcula-
tions of local blade stall produced by locally high angles of
attack. Both numerical models contain representations of
the post-stall aerodynamic behaviour of the blade sections
— the FVM through lookup tables and the VTM through
empirical curve fits to experimental data. Representative
predictions of the spanwise load distributions on the blades
are shown in Fig. 11. The bias of the blade loading towards
the inboard parts of the blade with the rotor in incipient
VRS is noteworthy. If the rate of descent of the rotor is
further increased, eventually the local lift coefficients in-
board become high enough for local stall to occur. The
problem is exacerbated on blades with higher twist, since
these are more highly loaded inboard. The redistribution of
blade lift following inboard stall affects the inflow through
the rotor, the tip vortex strengths and the helical pitch of
the wake structure, and can affect the mechanism of wake
breakdown and the eventual onset of the VRS.

As previously described, the VRS is associated with a
roughly toroidal accumulation of vorticity in the plane of
the rotor. The strength of this accumulation induces high
localized velocities on the blades. Figure 12 shows the
spanwise load distribution on the blades for a situation
where the rotor is operated deeply into the VRS. In this
case, the accumulated vorticity lies in the plane of the ro-
tor and is centred over the outer part of the disk. The high
induced velocities associated with the accumulated vortic-
ity cause negative lift production on the inboard sections
of the blades, and there is no evidence of blade stall. How-
ever, the net rotor thrust under these conditions is signifi-
cantly reduced when compared to the incipient VRS con-
dition. This effect has been noted in experiments (Ref. 7).

Figure 13 shows the standard deviation of the thrust
time-history for the same flight conditions that were used
to generate Fig. 4 but with the rotors now operating at
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Figure 13: Windowed standard deviation of the thrust re-
sponse predicted by the FVM for an isolated rotor, Ct =
0.00966, on an accelerated 65° glideslope passing through
the VRS.

a much higher nominal thrust coefficient. For this case,
the collective and cyclic pitch settings on the rotor were
continually adjusted in an attempt to maintain a nominally
constant thrust coefficient of 0.00966 and, again, approxi-
mately zero cyclic flapping with respect to the rotor shaft.
Under these operating conditions, the rotor with the mod-
erately twisted blades is stalled only over a small section
of the inboard part of the rotor disk, while the rotor with
the highly twisted blades is stalled over a much larger part
of the disk. The presence of widespread stall at high de-
scent rate has the rather counterintuitive effect of suppress-
ing some of the effects of the VRS on the behaviour of the
rotor. This is seen in Fig. 13 where at high descent rate the
amplitude of the thrust perturbations experienced by the
rotor with widespread stall, as a fraction of the nominal
thrust coefficient of the rotor, is significantly reduced com-
pared to the unstalled case. This reduction is partially a re-
sult of the reduced sensitivity of the rotor loads to changes
in angle of attack induced by localized vorticity on those
parts of the rotor blades which are operating in the post-
stall regime. Similar diagrams to Figs. 7 and 8, showing
snapshots of the wake structures predicted by the VTM and
the FVM under these high-thrust conditions with the rotor
again at a descent rate i, = —0.8, are shown in Figs. 14 and
15. Comparison of the vorticity maps and wake bound-
ary plots for the rotor with the moderately-twisted blades
shows differences in detail but not in the overall topology
of the wake at the two different rotor thrusts. The fidelity
inherent in the VTM suggests though that the loss of the
lift-bearing capacity of the rotor in its stalled condition has
significantly disrupted the accumulation of vorticity in the

plane of the rotor compared to that seen at the lower rotor
thrust coefficient. The associated decline in the excitation
of the rotor from this source may also contribute to the ob-
served reduction in amplitude of the thrust fluctuations ex-
perienced by the deeply stalled rotor. An alternative expla-
nation may be that the loss of lift inboard simply allows the
flow to propagate upward through the disk and this change
in overall flow pattern may act to reduce the fluctuations in
outboard portions of the wake.

Experimental Evidence

The results presented in the previous section suggest
that a deeper examination of experimental VRS results
might yield evidence of the influence of blade stall on
the behaviour of rotors in the VRS. Both Azuma &
Obata (Ref. 28) and Yaggy & Mort (Ref. 13) have reported
measurements on rotors and proprotors descending into the
VRS that are sufficiently detailed for this purpose. Azuma
tested a small-scale helicopter rotor with a blade twist of
8°, while Yaggy & Mort tested two proprotors with ef-
fective blade twists of 22° and 35°. The two proprotors
were geometrically similar, except that the rotor with 22°
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Figure 14: Vorticity distributions in a longitudinal plane
surrounding the rotor as predicted by the VTM in descend-
ing flight when i, = —0.8 and Cy = 0.00966: (a) 6w =
—8°, (b) B = —35°.
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Figure 15: Side view of wake geometry and intersections
of vortex filaments in a longitudinal plane as predicted by
the FVM in descending flight when i, = —0.8 and Ct =
0.00966: (a) Bpw = —8°, () By = —35°.
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of blade twist had a larger root cut out and incorporated
flapping hinges. In Yaggy & Mort’s tests, a large range
of disk loadings was covered, although, unlike in Azuma’s
tests, no rates of descent high enough to bring the rotors
into the windmill brake state (WBS) were tested. Their
data shows the expected dependence of the amplitude of
the unsteady airloads on rate of descent, but also a marked
dependence on blade twist and disk loading. Of course,
for a particular rotor, disk loading and blade loading are
proportional, and the observed sudden change in rotor be-
haviour with disk loading thus suggests that the published
data might indeed contain evidence of the effects of blade
stall on the behaviour of the rotor in the VRS.

A re-analysis of the published results for axial descend-
ing flight is shown in Fig. 16. In each case the measured
amplitude of the rotor thrust fluctuations observed in the
various tests is plotted as a function of the scaled rate of
descent I,. At low rates of descent, Yaggy & Mort’s data
essentially collapse, using this form of scaling, to a single
curve for all values of disk loading. If the thrust fluctua-
tions are indeed produced by blade interactions with the
vorticity concentrations found near the rotor disk in the
VRS, then the amplitude of the fluctuations would be re-
lated to the mean bound circulation on the blades, and so
to the mean rotor thrust. Some collapse of the data at low
rates of descent is, therefore, to be expected. The situation
is much less clear from Azuma & Obata’s results because
there is insufficient data to allow interpolation to constant
values of disk loading. Indeed, most of the VRS data in
the literature has been based on model rotor tests at fixed
collective pitch, making it difficult to isolate the effects of
blade loading on the rotor aerodynamics in the VRS.

For intermediate rates of descent within the VRS,
Fig. 16 shows that the amplitude of the thrust fluctuations
reaches a plateau before dropping off again at higher de-
scent rates as the rotor enters the less-violent turbulent
wake state (TWS) and, ultimately, the windmill brake state
(WBS). The peak amplitude of the unsteady thrust fluctu-
ations usually lies close to the conditions where the rate
of descent is equal to the induced velocity through the ro-
tor. At the lowest disk loadings, however, the regime of
high thrust fluctuations extends into the region where the
well-behaved flow of the WBS would usually be expected.
Most interestingly, the rotor with 35° of blade twist shows
much larger thrust fluctuations than the proprotor with 22°
of blade twist. Both of these rotors show thrust fluctua-
tions that are well in excess of those measured by Azuma
& Obata using the rotor with only 8° of blade twist. Yaggy
& Mort’s data thus suggest that high blade twist, when cou-
pled with low disk loading, produces a more violent and
widespread vortex ring regime than would be associated
with more moderately twisted blades. The significant de-
pendence of these observations on disk loading implicates
blade stall in the observed behaviour of the rotors. These
observations are also consistent with the somewhat coun-
terintuitive results, presented earlier, of simulations where
the appearance of blade stall on the inboard parts of the ro-
tor with highly-twisted blades at high thrust was shown to
reduce the violence of the VRS.
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Figure 16: Unsteady thrust fluctuations on rotors in ax-
ial descending flight through the VRS. (a) Azuma & Obata
data for rotor with 6y, = —8°, (b) Yaggy & Mort data for
proprotor with flapping hinges and 6, = —22°, (c) Yaggy
& Mort data for rigid proprotor with 8y, = —35°.

Conclusions

A study has been conducted to examine the factors that de-
termine the onset and development of the vortex ring state
(VRS). The onset of the VRS has been shown to be related
to the unstable growth of disturbances in the structure of
the rotor wake. The VRS is encountered when the net con-
vection of these growing disturbances away from the ro-
tor becomes low enough for vorticity to accumulate near
the plane of the rotor, significantly affecting blade loads
and rotor performance. It has been shown that the onset
of VRS, as well as the behaviour of the rotor within the
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VRS, is not solely determined by the operating conditions
of the rotor, such as descent rate and forward speed, but is
also dependent on details of the design of the rotor such as
the degree of twist incorporated into the blades. The work
presented here suggests that blade stall also plays an im-
portant role in governing the behaviour of the rotor in the
VRS. Numerical predictions of the onset boundary of the
VRS were found generally to be in good agreement with
the boundary estimated from experiments with single-rotor
helicopters.
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