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Abstract

Some of the root causes of the behaviour of a helicopter rotor in the vortex ring state are investigated using

simulations, conducted using Brown’s Vorticity Transport Model, of a two-bladed teetering rotor descending

into the vortex ring state under conditions of constant collective pitch. Contrary to some previous reports, the

onset of thrust settling on the rotor is found to occur at descent rates much lower than that at which the wake

breaks down into the toroidal form that is characteristic of the fully developed vortex ring state. Thrust settling

is caused by a loss of loading on the outboard parts of the rotor that is induced initially by compression of the

wake below the rotor during low-speed descent. The behaviour of the rotor in the vortex ring state appears

to be practically insensitive to the twist of the blades, at least for rotors with moderate levels of blade twist.

Although blade stall has little effect on the onset of the vortex ring state, it is quite likely that stall on the inner

parts of the rotor, even for rotors with moderate levels of blade twist, may modify significantly the behaviour

of the system during the later stages of the development of the vortex ring state.

Notation

A : rotor disc area, πR2

CB : blade sectional loading, scaled by 1
2 ρc(ΩR)2

CL : blade sectional lift coefficient

CP : rotor power, scaled by ρA(ΩR)3

CQ : rotor torque, scaled by ρAR(ΩR)2

CQh : CQ measured under hovering conditions

CQ0 : rotor profile torque, scaled by ρAR(ΩR)2

CT : rotor thrust, scaled by ρA(ΩR)2

CT h : CT measured under hovering conditions

c : blade chord, scaled by R

N : number of rotor blades

R : rotor radius

t : time, scaled by 1/Ω
αe : blade sectional angle of attack
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λi : rotor induced velocity, scaled by ΩR

λi : λi, scaled by
√

CT /2

µz : rotor descent rate, scaled by ΩR

µz : µz, scaled by
√

CT /2

µ̃z : µz, scaled by
√

CT h/2

ρ : air density

Σ : wake intensity

σ : rotor solidity, Nc/π
Ω : rotor angular velocity

Introduction

In all flight regimes, including axial flight, the he-

lical structure of the wake of a helicopter rotor is

inherently unstable to small perturbations in geom-

etry or strength. The growth rate of disturbances to

the rotor wake is, in part, a function of the pitch of

the wake helix, or, in other words, to the relative

spacing between adjacent vortex filaments (Ref. 1).

The effect of the growth of these disturbances is to
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Figure 1: Mean inflow vs. descent rate: VTM simu-

lated data.
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Figure 2: Mean inflow vs. descent rate: Data from

experiments of Washizu et al.

disorganise the initially structured helical form of

the rotor wake. Under normal flight conditions the

breakdown of spatial order in the flow field occurs

in the far field, some distance downstream of the ro-

tor, and the growing disturbances to the wake are

convected away from the rotor at a speed that is de-

pendent on the rotor inflow and the free stream ve-

locity (Ref. 2). In descending flight, however, the

rate of convection of the perturbations to the wake

becomes comparable to their global rate of expan-

sion, and thus within a range of descent rates it be-

comes possible for the disturbances to reach the ro-

tor (Refs. 2, 3). Within this range of descent rates

the helical structure of the wake breaks down into a

highly unsteady toroidal form known as the vortex

ring state (VRS). Within the VRS the aerodynamic

forces generated by the rotor fluctuate appreciably

and erratically in response to the unsteady flow near

to the rotor (Refs. 4, 5).

Particle Image Velocimetry (PIV) has shown

(Ref. 6) that the global topology of the flow field

at the onset of wake breakdown is highly transient,

and that the topology of the wake at any particular

instant may be quite different to the topology of the

mean flow. At the onset of the VRS, where the de-

scent rate is approximately half of the rotor down-

wash velocity, PIV shows the wake to swap inter-

mittently between two forms - one of which is sim-

ilar to the structure found at hover, and another that

resembles a ring, or toroid, of vorticity that bundles

up beneath the rotor plane. As the descent rate is

increased to near the mean rotor downwash velocity

the wake structure becomes more inclined to remain

in the second state and thus the rotor appears to be

engulfed in the recirculating flow that is character-

istic of the VRS. The unsteadiness of this recircu-

lating flow arises from a recurrent, aperiodic, and

spatially non-uniform process in which the vortic-

ity within the ring builds up over a number of rotor

revolutions and then is ejected into the flow down-

stream of the rotor (Refs. 2, 3, 7, 8). In addition

to the highly transient blade loading, the initial con-

centration of vorticity near to the rotor during the

onset of VRS causes a reduction in the thrust pro-

duced by the rotor if the collective pitch setting is

held constant (Refs. 4, 9), or equivalently an in-

crease in the power required by the rotor if the thrust

is held constant (Ref. 10). This effect, known as

‘thrust settling’ or ‘settling with power’, depend-

ing on context, persists until the descent rate be-

comes large enough so that the recirculating flow

near the rotor can no longer be sustained and the

orderly structure of the wake near to the rotor is re-

established (Ref. 11).

The behaviour of a rotor operating within a field

of concentrated and highly disorganised vorticity is

strongly non-linear. The physics of the growth and

transmission of disturbances through the rotor wake

is extremely complex, and any attempt to under-

stand these processes is complicated by the presence

of long-range interactions between evolving vortex

filaments and coupling between the dynamics of the

wake and the loading produced on the rotor. The
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Figure 3: Mean thrust vs. descent rate: VTM simu-

lation and Gao’s experimental data.
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Figure 4: Standard deviation of thrust fluctuations

vs. descent rate: VTM simulation and Gao’s exper-

imental data.

complexity of the VRS is borne out by varied and

sometimes unintuitive and conflicting reports, as re-

vealed in Johnson’s survey of the published VRS

literature (Ref. 12). Such is the difficulty in ob-

serving or modelling the physics of the VRS that

few of the characteristic features of this flow state

have been satisfactorily explained at a fundamental

level, although much progress has been made in re-

cent years. The present work attempts to contribute

to the body of knowledge concerning the fundamen-

tal mechanisms at work within the VRS by using

the Vorticity Transport Model (VTM), developed by

Brown and Line (Refs. 13, 14) to model the flow

numerically. In particular, the causes of thrust set-

tling are investigated, and the influence of moderate

blade twist on the dynamics of the wake and the sub-

sequent performance of a rotor in descent are scru-

tinised.

Snapshot 1 Snapshot 2

Averaged hover wake

Figure 5: VTM wake geometry at hover.

The Vorticity Transport Model

The Vorticity Transport Model (VTM) employs a

direct computational solution of the incompress-

ible Navier-Stokes equations, expressed in vorticity-

velocity form, to simulate the evolution of the wake

of a helicopter rotor. The key to the method is the

use of a CFD-type vorticity-conserving algorithm to

evolve the governing equations through time. The

algorithm is implemented on a mesh of computa-

tional cells that continually adapts its structure to

capture the evolving structure of the vorticity field

created by the rotor. In contrast to many other CFD-

based approaches, the method is capable of main-

taining the spatial localization of vortical structures

in the flow for very long computational times. This

property makes the VTM highly suitable for VRS

calculations, since a large proportion of the vortic-

ity generated under VRS conditions remains close

to the helicopter for very many rotor revolutions.
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Figure 6: Mean thrust vs. descent rate: VTM simu-

lation of Gao’s rotor.

The VTM has been used previously to examine the

onset and development of the VRS for isolated ro-

tors (Ref. 3), some of the general effects of high

rates of blade twist on rotor behaviour in the VRS

(Ref. 15) and the influence of the fuselage and tail

rotor on VRS onset (Ref. 16).

Numerical Simulation of the VRS

In this section, the results of a numerical simulation

of Gao’s experimental configuration (Ref. 17) are

compared with available data to show that the VTM

is indeed capable of capturing the flow physics of

the VRS to a reasonable degree of accuracy. Gao

used two-bladed teetering rotors in his experiments;

the rotor that was simulated had a solidity of 0.077,

and blades with constant chord and 5.5◦ of linear

twist from root to tip. In Gao’s tests, the collective

pitch was held constant at 10◦ (as measured at 70%

span) while the descent speed of the rotor was var-

ied. The attraction of Gao’s experiment compared

to the many other tests described in the literature is

the simplicity of the rotor configurations that were

tested together with the relatively low twist rates of

the blades. This last point is important, as it avoids

the issues of radial flow and the resultant stall de-

lay that are thought to complicate the behaviour of

more highly twisted blades. Gao’s experiments have

a further advantage in that they were conducted on

a whirling tower, rather than in a wind tunnel, and

Snapshot 1 Snapshot 2

Averaged wake at mz = 0.46
_

Figure 7: VTM wake geometry at µz = 0.46.

thus contamination by wind tunnel effects should

be absent. Other physical effects associated with

the whirling tower, such as centripetal forcing of

the wake and gyroscopic effects on the rotor remain

significant unknowns, however (despite Gao’s con-

clusion that these effects would be negligible) and

were not modelled in the VTM simulations. It is

important to note that, in all of the VTM simula-

tions discussed in the present work, the range of de-

scent speeds of interest was traversed by flying the

rotor at a constant, but small, rate of acceleration

(dµz/dt = 2× 10−4 per rotor revolution). Acceler-

ation is known to affect the onset and development

of the VRS (Ref. 2), and this feature of the simu-

lations, although likely to have only a small effect,

must be borne in mind when considering the data.

Many of the classical references portray the effects

of the VRS on rotor performance by presenting the

variation with descent speed of the mean inflow
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Figure 8: Blade loading vs. descent rate at various

stations along the blade.
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Figure 9: Vertical flow velocity vs. descent rate at

various stations along the blade.

generated by the rotor. The difficulties involved

in obtaining the inflow directly from experimental

measurement are usually circumvented by deriving

this information from measurements of rotor thrust

and torque (Refs. 5, 10). The identical process can

be applied to performance data obtained from the

VTM, and predictions can be compared against ex-

perimental data for similar rotors.

The approach adopted to obtain the inflow from

measurements of thrust and torque follows directly

the technique used by Washizu et al. (Ref. 10).

Firstly the profile torque of the rotor is estimated as

CQ0 = CQh −CThλh (1)

where CQh and CT h are the torque and thrust coeffi-

cients measured in hover, and λh =
√

CT h/2. Then,

assuming that the relationships

CP = (CQ −CQ0)+CT µz (2)

Snapshot 1 Snapshot 2

Averaged wake at mz = 0.7
_

Figure 10: VTM wake geometry at µz = 0.7.

and

CP = CT λi (3)

hold in descending flight, the inflow through the ro-

tor is given by

λi =

(

CQ −CQ0

CT
+µz

)

(4)

This analysis assumes that the rotor inflow and

blade loading is distributed uniformly across the ro-

tor disk, and thus produces results that are some-

what at odds with direct measurements of velocity

in the plane of the rotor.

Fig. 1 shows the variation of inflow, obtained us-

ing Eq. 4 from VTM simulations of the thrust

and torque for Gao’s rotor, plotted against non-

dimensional descent rate µz = µz/
√

CT /2. For com-

parison, Fig. 2 shows experimental data obtained by

Washizu et al. (Ref. 10) for a three bladed rotor

with 8◦ of twist at various collective pitch settings.

Within limits, the variation of inflow with descent
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Figure 11: VTM simulation of torque vs. de-

scent rate with the rotor operating at constant mean

thrust.

rate is traditionally held to be a universal character-

istic of the behaviour of all rotors within the VRS.

Thus, even though the rotors used in the simulation

and in Washizu’s experiment are not directly com-

parable, the simulations capture well the broad char-

acteristics of the measured variation of inflow with

descent rate, as well as the extent and order of mag-

nitude of the thrust perturbations experienced by the

rotor during its transit through the VRS.

Figures 3 and 4 show direct comparisons between

VTM simulations and Gao’s experimentally ob-

tained thrust data. The thrust signal is separated into

a mean component and a superimposed fluctuation,

and, to match with Gao’s presentation of his own

data, is plotted against non-dimensional descent

rate µ̃z = µz/
√

CT h/2. The agreement between

simulation and experiment for the mean thrust is

both qualitatively and quantitatively reasonable, al-

though there are some differences in detail. For

instance, the thrust settling seen in Gao’s data oc-

curs over a smaller range of descent speeds than it

does in the simulation. Interestingly, Gao’s results

show a dip in the mean CT during very low speed

descent, which seems contrary to the predictions

of momentum-based theories, whilst the simulation

shows a more intuitive variation over the same range

of descent rates.

The fluctuating component of the thrust is repre-

sented in Fig. 4 as the standard deviation of CT from

the mean, expressed as a percentage of the mean CT
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Figure 12: Blade loading vs. descent rate at various

stations along the blade with the rotor operating at

constant mean thrust.
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Figure 13: Vertical flow velocity vs. descent rate

at various stations along the blade with the rotor

operating at constant mean thrust.

at the same descent rate. Although the figure shows

reasonable qualitative agreement between simula-

tion and experiment, particularly with regards to the

descent rate at which the fluctuations in rotor thrust

attain their greatest amplitude, the fluctuations pre-

dicted by the VTM are significantly more severe

than those measured in Gao’s experiment. This ob-

servation is directly at odds with the results of the

comparison against Washizu’s data, where the am-

plitude of the thrust fluctuations, if anything, is un-

derpredicted. It is easy to ascribe these discrep-

ancies to the influence of rotor geometry on rotor

behaviour in the VRS, but an important distinction

between the simulation of Gao’s experimental sys-

tem and the real system itself is that the simulated

thrust data were obtained by direct integration of the

aerodynamic loading on the blades, whereas some

degree of attenuation of the time-varying compo-

nent of the experimental signal is inevitable given

the impossibility of constructing an absolutely rigid
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below the rotor vs. descent rate.
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Figure 15: Comparison of wake intensity inboard

and outboard on the rotor vs. descent rate.

experimental rig. Discussion, better still, quantifi-

cation, of this effect is very rare in the experimen-

tal VRS literature. To emulate this effect, the ex-

perimental rig was modelled as a critically-damped

simple harmonic system and the resulting trans-

fer function was used to filter the computationally-

generated thrust signal. As shown in Fig. 4, rea-

sonable agreement between experiment and simula-

tion is obtained if the experimental rig is assumed

to have a natural frequency of about 6Ω.

The results presented here suggest that the VTM

is capable of a reasonably good level of quantita-

tive accuracy in predicting the aerodynamics and

dynamics of rotors in descending flight. Valida-

tion is an ongoing process, however, and is certainly

not aided by the paucity at present of rigorously-

defined, self-consistent data of the quality and reso-

lution required to properly validate modern compu-

tational codes.

The Physics of Thrust Settling

A well-known aspect of experimental measure-

ments on rotors flown at constant collective pitch

into the VRS is the decrease in mean thrust that ac-

companies the onset of large-amplitude thrust fluc-

tuations on the rotor. This phenomenon, known as

thrust settling, has been observed in numerous ex-

periments (Refs. 4, 9) but most authors have as-

sociated its onset with the envelopment of the ro-

tor in the recirculating, toroidal flow of the fully-

developed VRS. Yet, from simulations conducted

with the VTM, it is clear that the onset of thrust

settling occurs well before the wake has completely

broken down into its toroidal VRS topology.

For later comparison, Fig. 5 shows a contour plot of

the vorticity in the rotor wake, averaged over several

rotor revolutions, with the rotor in hover. Several

snapshots of the instantaneous configuration of the

rotor wake at various arbitrary times are also shown

for comparison. The role of the wake instability in

the far field in destroying the coherence of the in-

stantaneous geometry of the wake, or equivalently

in dispersing the vorticity in the mean, can be seen

clearly. Fig. 6 shows that thrust settling initiates at

µz ≈ 0.46, and Fig. 7 shows a similar diagram to

Fig. 5 at this descent rate. It is clear from this set

of images that, at the onset of thrust settling, the

vorticity in the rotor wake is still being convected

below the rotor, and, indeed, retains qualitatively

much of the structure of the hovering rotor wake -

even though the coherent portion of the wake tube

has been truncated significantly by the dynamics of

the disturbances in the wake. Thrust settling thus

begins well before the rotor flow has collapsed into

the toroidal form of the fully-developed VRS. The

origin of thrust settling can be more clearly under-

stood by examining the variation with descent rate

of the spanwise distribution of loading along the ro-

tor blades. Fig. 8 shows clearly that thrust settling

is associated with a considerable fall in the loading

only on the outboard sections of the blade. The in-

board sections of the blade play only a small role

in the thrust settling phenomenon and Fig. 8 sug-
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Figure 16: Averaged wake geometry at µz = 0.8.

gests that the loading from the root of the blade out

to 0.7R might even increase slightly at the onset of

thrust settling. Fig. 9 shows the variation with de-

scent rate of the velocity normal to the blade, as in-

ferred from the computed effective angle of attack

of the blade and corrected for the blade flap veloc-

ity. Comparison of Figs. 8 and 9 shows clearly that

the reduction in loading on the blade tips is associ-

ated with an increase in the inflow that, at the on-

set of thrust settling, is also localised at the outer

sections of the blades. A similar observation was

made by Azuma and Obata (Ref. 9), who were

able to measure the inflow at several radial stations

under their experimental rotor using small, respon-

sive windmill type anemometers. In the absence

of direct observations of the structure of the rotor

wake, they concluded that the increase in inflow re-

sulted from the rotor being enveloped in the toroidal

flow of the fully developed VRS. The localised na-

ture of the thrust decrement associated with thrust

settling suggests, however, that a much more local

flow effect is responsible for the phenomenon than

the large-scale flow disturbance associated with the

fully-developed VRS. Indeed, simulations confirm

that the toroidal flow of the fully developed VRS

(as illustrated in Fig. 10) is not finally established

until a descent rate of µz ≈ 0.7.

In free flight, thrust settling is usually offset by an

appropriate change to the collective pitch of the ro-

Figure 17: Averaged wake geometry at µz = 1.0.

Figure 18: Averaged wake geometry at µz = 1.15.

tor blades. In this case, the flow dynamics asso-

ciated with thrust settling appear instead as an in-

crease in the torque required by the rotor, as shown

in Fig. 11 for a simulation of Gao’s rotor, flown

along the same trajectory as before, but this time

trimmed throughout to a constant mean thrust co-

efficient of 0.0073. Figs. 12 and 13 , showing the

blade loading and velocity normal to the blade in

the case of constant CT , reveal that the aerodynamic

effect of the wake upon the rotor blades is similar to

when the rotor is flown at constant collective pitch,

with the important difference that the thrust on the

rotor is maintained by a significant increase in the

loading on the inboard sections of the blade as the

89.8



0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

2.2

2.4

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

0
o

5.5
o

9.22
o

mz

_

M
e

a
n

 C
T

Figure 19: Mean thrust vs. descent rate: compari-

son between rotors with different twist rates.
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Figure 20: Standard deviation of thrust vs. descent

rate: comparison between rotors with different twist

rates.

controller increases the collective pitch of the blades

to compensate for the loss of lift on the outboard

sections of the blade.

It remains to relate the increase in inflow at the outer

sections of the blades during the onset of thrust set-

tling to changes in the structure of the wake. To

this end, it is possible from the output of the VTM

to measure the changes in the strength of the wake

within specified regions of the flow field surround-

ing the rotor. This method was first used by Ahlin

and Brown (Ref. 2) where, as a direct measure of

the fluid dynamics of the wake system, it proved to

be a very useful indicator of VRS initiation. For

convenience, define the wake intensity as the inte-

gral of the vorticity magnitude over a specified vol-

ume of the flow. Fig. 14 compares the wake in-

tensity, for Gao’s rotor flown at constant collective

pitch, in a box-shaped domain located just below

the rotor to the wake intensity in a box-shaped do-

main enclosing the flow immediately above the ro-

tor. In this figure, the wake intensities in each of the

domains have been normalised by dividing through

by the wake intensity in the union of the two do-

mains under hovering conditions. During the initial

stages of the descent, i.e. for µz < 0.3, the wake in-

tensity beneath the rotor increases in approximately

linear fashion, representing a smooth, uninhibited

compression of the wake, or, in other words, a grad-

ual bunching together of the vortex filaments im-

mediately below the rotor. At µz = 0.3, the wake

intensity below the rotor jumps suddenly, and at the

same time, a significant level of vorticity appears

for the first time above the rotor. The wake inten-

sity below the rotor remains roughly constant until

µz ≈ 0.45, but the appearance of fluctuations in the

wake intensity of relatively large amplitude com-

pared to the mean is consistent with the first appear-

ance of significant disturbances in the structure of

the wake near to the rotor. Comparing Fig. 14 and

Fig. 6 shows that the change in character of the wake

intensity below the rotor at µz = 0.3 marks also the

earliest onset of notable unsteadiness in the thrust

produced by the rotor. As the descent rate is in-

creased beyond µz = 0.45, the wake intensity both

above and below the rotor increases rapidly, and the

fluctuations in the wake intensity become steadily

more extreme. The onset of thrust settling coincides

with the beginning of this regime. Fig. 15 compares

the wake intensity in a domain that envelops the ro-

tor from the mid-span outwards with the wake in-

tensity in a volume that encloses the remaining in-

ternal sections of the near-rotor flow field. Again,

the wake intensities shown in this figure are nor-

malised by the wake intensity in the union of the two

domains under hovering conditions. It is clear that

the increase in the wake intensity between µz = 0.45

and µz = 0.5 is confined to the outboard parts of

the rotor, suggesting that, when viewed in conjunc-

tion with the wake images of Fig. 7, the onset of

thrust settling is caused by the increase in down-

wash velocity that is induced by the compression

of the tip vortices beneath the outboard part of the

rotor, rather than by any gross change in the charac-

teristics of the flow.
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Figure 21: Blade loading at 0.2R (normalised by

CT /σ) vs. descent rate: comparison between rotors

with different twist rates.
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Figure 22: Blade loading at 0.7R (normalised by

CT /σ) vs. descent rate: comparison between rotors

with different twist rates.
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Figure 23: Blade loading at 0.9R (normalised by

CT /σ) vs. descent rate: comparison between rotors

with different twist rates.

The rapid increase in the wake intensity both be-

low and above the rotor as the descent rate is in-

creased beyond µz = 0.5 occurs simultaneously with

the breakdown of the orderly structure of the wake

and the appearance of the toroidal flow that is char-

acteristic of the fully-developed VRS. For descent

rates greater than µz ≈ 0.7, the wake intensity above

the rotor increases at the expense of the wake inten-

sity below the rotor, indicating a shift in the toroidal

vortex structure from below to above the rotor. The

crossover point at µz ≈ 0.8 coincides with the maxi-

mum intensity of the thrust fluctuations experienced

by the rotor and also with the maximum depth of

the thrust settling regime. Thus, although thrust set-

tling is brought about by the compression of the ro-

tor wake while it is still in its low-speed, tubular

form, it is certainly deepened and sustained by the

collapse of the wake into the toroidal form found

in the fully developed VRS. Figs. 16, 17 and 18

show this shift in the position of the toroidal vor-

ticity field that engulfs the rotor, and correlation of

Fig. 6 with Fig. 17 shows that thrust recovery on the

rotor begins once the toroidal VRS wake begins to

lift clear of the rotor. Also shown, at the highest de-

scent rates, is the beginning of the process whereby

disturbances are once again swept downstream into

the far field, accompanied by the eventual cessation

of VRS activity as the relatively orderly wake struc-

ture of the windmill brake state is established.

The Effect of Blade Twist

A concern to the designers of conventional rotor-

craft is that a small change in one or more of the

design parameters of the rotor might result, because

of the highly nonlinear character of the flow physics

governing the VRS, in a disproportionate change in

the performance of the system. Several previous

works (Ref. 15) have implicated blade twist as one

of the most important design variables influencing

the rotor behaviour once within the VRS, but little

is known about the sensitivity of rotor performance

in the VRS to changes in this parameter.
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Figure 24: Fraction of wake intensity above the ro-

tor vs. descent rate: comparison between rotors

with different twist rates.

Gao’s experiments included an investigation of the

effect of moderate levels of blade twist (i.e. 0◦
−

10◦) on the behaviour of rotors in the VRS. He con-

cluded that twist had little influence on the descent

rate at which the VRS was initiated, but that, within

the VRS, there was a noticeable effect on the am-

plitude of the thrust and torque fluctuations expe-

rienced by the rotor. In this section, Gao’s experi-

ments are replicated using the VTM to try to under-

stand the aerodynamic origins of any sensitivity in

rotor behaviour in the VRS to changes in the twist

of the blades. The behaviour of rotors with blade

twists of 0◦, 5.5◦ and 9.22◦, and with the same plan-

form and teetering configuration as Gao’s rotors, are

contrasted. As before, the range of descent rates of

interest was traversed by subjecting the rotor to a

small vertical acceleration while holding fixed the

collective pitch. The thrust coefficient produced at

hover was 0.00735 in all cases.

Figures 19 and 20 show the variation with descent

rate of the mean, and the standard deviation, of the

thrust produced by the rotors. Fig. 19 shows that

the descent velocity at which thrust settling begins

is confined to a very small range of descent rates,

nominally just before µz = 0.5, and thus confirms

Gao’s observation that the onset of the VRS is only

weakly affected by blade twist. The same figure

show a reasonably significant influence of twist on

the breadth of the thrust settling regime, however.

The rotor with untwisted blades appears to recover

the thrust level achieved prior to thrust settling at a

lower descent rate than the other two rotors, the last

rotor to recover being the one with the most highly

twisted blades. Fig. 20 shows that a marginally

higher peak fluctuation amplitude is experienced by

the rotor with untwisted blades, and that the rotor

with the most highly twisted blades experiences its

peak thrust fluctuation at somewhat higher descent

rates than the other two rotors. These effects are

rather subtle, and it is debatable whether the differ-

ences in behaviour between the rotors would be op-

erationally significant.

Figures 21, 22 and 23 show the variation of blade

loading with descent rate for the three rotors. The

data in the figures has been normalised by CT /σ
to allow any spanwise redistribution in blade load-

ing with descent rate to be more clearly visualised.

Whilst all three rotors show much the same qual-

itative trends as described earlier in the context of

thrust settling, there are also some small quantita-

tive differences between the blade loading distribu-

tions on each of the rotors. As expected, these ap-

pear to be associated primarily with the increase in

the loading on the inboard sections of the rotor as

the twist of the blades is increased. The one sig-

nificant difference is in the rate of recovery of the

loading on the outboard part of the blades. This

feature is responsible for the earlier thrust recovery,

post-VRS, of the rotor with untwisted blades com-

pared to the rotors with twisted blades, as shown

in Fig. 19. Fig. 24 shows the relative division of

wake intensity between the flow above and below

the rotors and illustrates quite clearly that, in the

case of the rotor with untwisted blades, the wake

moves more suddenly from below to above the ro-

tor during the later stages of the development of the

VRS. It is not entirely clear at this stage what causes

this difference in behaviour, but quite conceivably

the small differences in loading, and hence inflow

distribution along the blades, could yield a subtly

different trajectory of the toroidal VRS flow as it

moves from below the rotor to above, but the effect

is too small to be seen in the results presented here.

Finally, Fig. 25 shows the variation of the fluctuat-

ing component of the loading along the span of the

blades as a function of descent rate. Although the
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fluctuations begin at the root of the blade, it is clear

that they quickly spread to engulf the entire length

of the blade with almost uniform amplitude as the

rotor enters the fully developed VRS.

The data presented here suggests that, at least for

moderately twisted blades, the influence of twist on

the behaviour of the rotor, both in terms of its mean

thrust performance and in terms of the levels of un-

steady loading generated by the system when in the

VRS, is relatively minor. This conclusion should

provide some confidence to the designers of conven-

tional rotorcraft, but the trend in modern rotor de-

signs is to use somewhat higher levels of blade twist

than those analysed here. It seems imprudent to ex-

tend the current analysis to these systems, however,

until properly validated models become available

that can be used with confidence to predict those

aspects of stall behaviour that are peculiar to highly

twisted rotor blades.

The Influence of Blade Stall

Indeed, it has been suggested by several authors

(Ref. 15) that blade stall may be an essential com-

ponent of the flow physics during VRS. While it

is quite feasible that localised stall might have an

effect on the behaviour of the inboard segments of

the blade, it is thought unlikely that global stall of

the rotor plays a role in VRS for any sensible val-

ues of the rotor operating thrust. A worry, though,

is that, especially for the case of experiments con-

ducted at constant collective pitch, the angles of at-

tack induced on the inboard portions of blades at

the highest descent rates may indeed be sufficient

to generate an extended region of stalled flow on

the rotor. If this is the case, then, for instance, the

use of experimental data generated under conditions

of constant collective pitch to understand the be-

haviour of the flight article, where the more com-

mon operating condition is to fly the rotor at very

close to constant thrust coefficient, becomes very

suspect. In this section the aerodynamic conditions

on the same rotors that were used to investigate the

effects of blade twist are examined to reveal the ex-

0

0.1

0.2

0.3

0.4

0.5

B
L

S
D

0
0.2

0.4
0.6

0.8
1

1.2
1.4

1.6

mu
bar

z

0.2

0.4

0.6

0.8

1

r

S
ta

n
d
a
rd

 d
e
v
ia

ti
o
n
 o

f
C

B
_
_
_
_
_

C
/

T
s

Spanwise positio
n, r

mz

_

0

0.1

0.2

0.3

0.4

B
L

S
D

0
0.2

0.4
0.6

0.8
1

1.2

mu
bar

z

0.

0.4

0.6

0.8

1

r

Spanwise
 p

osit
ion, r

mz

_

S
ta

n
d
a
rd

 d
e
v
ia

ti
o
n
 o

f
C

B
_
_
_
_
_

C
/

T
s

0

0.1

0.2

0.3

0.4

B
L

S
D

0
0.2

0.4
0.6

0.8
1

1.2
1.4

1.6

mu
bar

z

0.2

0.4

0.6

0.8

1

r

Spanwise
 p

osit
ion, r

mz

_

S
ta

n
d
a
rd

 d
e
v
ia

ti
o
n
 o

f
C

B
_
_
_
_
_

C
/

T
s

0 Twist
o

5.5 Twist
o

9.22 Twist
o

Figure 25: Spanwise variation in the standard de-

viation of the blade loading (normalised by CT /σ)

vs. descent rate: comparison between rotors with

different twist rates.

tent of the region of stalled flow on the rotor blades.

The aerofoil model used in the simulations contains

a full 360◦ CL-αe dependency similar to that of the

NACA0012 type blade section, and thus is capable

of representing some of the effects of static stall on

the behaviour of the rotor.

Fig. 26 shows the simulated variations of effective

angle of attack αe and local lift coefficient CL along

the length of Gao’s most highly twisted rotor blade.

Inspection of the behaviour of the lift coefficient

with descent rate at 0.2R, shows the onset of sig-

nificant nonlinearity in the relationship between CL

and αe, and thus, by inference, blade stall, at a de-

scent speed of µz ≈ 0.7. Thus, at least in the case

where the blade twist rates are moderate, VRS onset

occurs before blade stall, or, conversely, blade stall
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can have no effect on the descent rate for VRS onset.

It is still possible though that stall could influence

the subsequent development of the VRS. Brown and

Leishman et al. (Ref. 15) postulated that, at least

on highly loaded, highly twisted blades, stall acts to

reduce the thrust fluctuations generated by the ro-

tor because of the degraded sensitivity of the aero-

foil sections to changes in αe when they operate in

the non-linear region of the CL-αe curve. The re-

sults presented here suggest that this argument can

be extended to the behaviour of rotors where the in-

cidence on the inboard parts of the blade becomes

very large, for instance in wind tunnel tests con-

ducted at constant collective pitch with no direct

control over the thrust produced by the rotor. In-

spection of Fig. 26 shows that, even with the collec-

tive pitch held fixed, stall never propagated further

outboard than about 40% of the rotor radius over the

entire descent range that was simulated. Yet Fig. 25

shows that appreciable VRS-induced fluctuations in

the loading are indeed generated within this region

of the rotor. This suggests that, even when the

blades of the rotor are only moderately twisted, the

form of the aerodynamic response within the inner

region of the rotor, particularly with regards to the

behaviour of these elements of the blades near and

post-stall, may play a significant role in governing

the dynamic behaviour of rotors tested in this way,

at least at higher descent rates within the VRS. The

results presented here thus caution against overly di-

rect extrapolation of the results of such tests to the

behaviour of the full-scale article, similarly in com-

paring results from experiments conducted at con-

stant collective pitch against results obtained, for in-

stance, at constant thrust coefficient. The root of the

problem, as is illustrated particularly well by com-

paring Figs. 8 and 12 of this paper, is that the con-

ventional process of non-dimensionalisation of the

descent rate with respect to the extrapolated induced

velocity at hover, which is required to convert the

one type of data into a form that is compatible with

the other, is capable of hiding rather gross differ-

ences in loading distribution at different operating

conditions even when the blades are geometrically

similar.
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Figure 26: Spanwise variation in angle of attack

and lift coefficient vs. descent rate for the rotor with

blades having 9.22◦ of twist.

Conclusions

Simulations of the behaviour in descending flight of

a series of rotors having a moderate degree of blade

twist were conducted using Brown’s VTM compu-

tational model. Correlation with the experimental

data of Washizu et al. (Ref. 10) and Gao (Ref. 17)

is presented to lend credence to the ability of the

VTM to yield reasonably good predictions of the

behaviour of rotors in the VRS.

Simulations using the VTM show the onset of thrust

settling on the rotor to occur before the wake of the

rotor has fully transitioned from its tubular, hover-

like form into the toroidal topology of the fully-

developed VRS. The initial cause of thrust settling

is a significant loss of loading on the most outboard

portions of the rotor, and this is most likely induced

by compaction of the tip vortices below the plane of

the rotor at moderate, pre-VRS descent rates. The
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regime of thrust settling persists as the wake col-

lapses into its toroidal VRS topology. Recovery of

the rotor thrust begins as the toroidal structure of

the VRS lifts above the rotor, but this change in be-

haviour of the rotor occurs at descent rates well be-

low that at which the relatively orderly wake struc-

ture of the windmill brake state is established.

The behaviour of the rotor in the VRS is practically

insensitive to variation of the blade twist, at least for

moderate twist values (0◦−10◦). Simulations show

negligible effect of twist on the descent rate for VRS

onset, but subtle effects on the amplitude of thrust

fluctuations in the VRS and on the descent rate at

which thrust recovery on the rotor begins. Although

stall appears to play a negligible role in influencing

the descent rate for VRS onset, it is possible under

specific circumstances that stall on the inner parts of

the blades may significantly modify the behaviour

of the rotor at higher descent rates within the VRS.

This needs to be borne in mind particularly when

data from dissimilarly-conducted wind tunnel tests

is compared, or when certain, supposedly generic,

wind tunnel data is extrapolated to the behaviour of

the full-scale helicopter in flight.
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